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Abstract 
New extractants with high selectivity for metal ions are of great interest for analytical purposes 
as well as as for the recovery of valuable rare metals and removal of toxic metals from polluted 
streams.  To this perspective, this dissertation is an account of the synthesis, characterization and 
application of multiple ionizable calixarene scaffold as well as novel tripodal scaffold (named as 
pseudocalix[3]arene by our group) for metal separation by solvent extraction as well as 
adsorption on ion- exchange resin. 
     
With incorporation of different ionizable groups in the ligands, solvent extraction behavior was 
evaluated towards rare metal ions. The presence of two different functional groups in p-tert-
octylcalix[4]arene moiety exhibited an excellent extraction behavior for the group separative 
recovery of a series of trivalent rare earth metal ions. Having two different functionalities in 
alternate position contributed more complementarity to results for the selective separation of rare 
earths, although mutual separation among rare earths was still difficult. 
        
HO
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The presence of highly chelating hydroxamic acid group tethering in the lower rim of the p-tert-
butylcalix[4]arene exhibited as a promising candidate for the selective recovery of rare gallium, a 
representative of rare metals. With the adjustment of pH, this extractant was remarkably 
effective for the mutual separation of gallium and indium. 
New tripodal triphenoxy platform tris(3,5-di-tert-butyl-2-hydroxyphenyl)methane has been 
employed as another potential platform. As the skeleton of the trisphenoxide methane units have 
moderate rigidity and flexibility and hence served as an ideal platform for the preparation of 
extended structure containing only three appendages. Molecules having three appendages offer 
many advantages for selective recognition, especially for trivalent cations. With the 
incorporation of different functional group moiety and having little bit narrower coordinating site 
than calixarene, its extraction behavior towards trivalent cations was studied. This ligand has 
three appendages locked in alignment which is apparently distinct from the well-studied 
calix[n]arene. Novel extractants were synthesized by the introduction of ionizable as well as 
chelating functionalities. 
In the case of trivalent metal extraction, the pseudocalix[3]arene hydroxamic acid derivatives 
exhibited remarkable selectivity for gallium not only over indium but also over other divalent 
metals as a pollutant in the zinc refinery residue. The results revealed that this tripodal derivative 
exhibited more excellent selectivity for smaller trivalent gallium over large indium than 
calix[4]arene analogues due to its rigidity and narrower coordination site as well as significant 
charge neutralization. Introduction of carboxylic acid functional groups on the 
pseudocalix[3]arene made it an excellent extractant with toxic lead selectivity. This property was 
attributed to high affinity of the functionality for lead together with the size fitting effects. For 
industrial purpose, solid phase extraction was also studied by the impregnation of extractant into 
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CHAPTER ONE 
INTRODUCTION   
 
1.1 Definition of rare metals: 
The concept of  rare metal  originally referred to metals which had little or no technological 
uses. However, many rare metals have been extensively used in modern technology. The very 
existence of a number of branches of technology would be unthinkable without the use of rare 
metals [1]. The rare metal group is not scientific classification, but has a historical meaning. 
However, many of the rare metals are much more abundant than metals known to mankind.  For 
instance, titanium occupies the ninth place in the order of abundance, zirconium, vanadium, 
lithium, cerium and some other metals are more abundant than commonly used such as lead, 
arsenic, tin, mercury, silver and gold. Moreover, some metals are regarded as very rare because 
of the manner in which they are dispersed, i.e., because they do not form minerals or deposits. 
For example, the concentration of gallium in the earth s crust is higher than the concentration of 
antimony, arsenic and mercury. However, gallium does not occur as minerals but is found in the 
lattices of other minerals, while antimony, arsenic and mercury form minerals and deposits. A 
low abundance in the earth s crust therefore is not a property of all the rare elements, but only of 
most of them. 
Classification of rare metals: Rare metals are usually classified in five groups (Table 1.1), the 
classification being based on similarities in physicochemical properties, methods of extraction 
and production of the metals, and some other characteristics, and classification is arbitrary, since 
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many elements can belong to more than one group [2]. For example, Rb and Cs can be classified 
as either light or dispersed elements; the typical dispersed elements Re is also a refractory metal. 
Light rare metals comprise the metals in Groups I and II of the periodic table (except radium). 
They have a low density (from 0.54g/cm3 for Li to 1.87 g/cm3 for Cs) and are highly active 
chemically. Their chemical compounds (oxides, chlorides) are very stable and are reduced to the 
metal with difficulty. Refractory rare metals are included among the transition metals of groups 
IV, V, VI and VII of the periodic system; in the atoms of refractory metals the completion of 
electron d-sub-shells takes place and has high melting points (from 1670oC for Ti to 3410oC for 
W) and their ability to form refractory metal like compounds with number of non metals, such as 
carbides, nitrides, borides and silicides which have important commercial uses. 
Table1.1: Technical classification of rare metals 
Groups of the periodic system Elements Group of rare metals 
I 
II 
lithium, rubidium, caesium 
beryllium 
Light 
IV 
V 
VI 
 
titanium, zirconium, hafnium 
vanadium, niobium, tantalum 
molybdenum, tungsten 
Refractory 
III 
IV 
VI 
VII 
gallium, indium, thallium 
germanium 
selenium, tellurium 
rhenium 
Dispersed 
III scandium, yttrium, lanthanum 
lanthanides 
Rare. earth 
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I 
II 
VI 
VII 
francium 
radium 
ctinium, thorium, protactinium, 
uranium, plutonium, and other 
transuranium  elements 
polonium, technetium 
 
Radioactive 
 
Dispersed rare metals exist in a dispersed state in the Earth s crust and most elements in this group 
do not form separate minerals (or else such minerals are rare). The dispersed elements generally 
exist in the form of isomorphic admixtures to the minerals of other elements and are extracted as by 
products from the tailings of metallurgical and chemical production processes. For example, 
gallium is found in aluminum minerals and is extracted from the intermediate and waste products of 
aluminum processing; indium, thallium, and germanium are often encountered in zinc blende and 
other sulfide minerals and are extracted as by-products during processing of sulfide ores.  
Rare earth metals have significantly similar chemical properties. They are found together in ores 
and separation is extremely complex. Extraction with organic solvents and ion-exchange processes 
are used for this purposes. The group of radioactive metals includes metals occurring in nature (Fr, 
Ra, Po, Ac, Th, Pa, U) and those produced artificially (Tc, Np, Pu). Uranium and plutonium are the 
most valuable of this group because of their use in the production of nuclear energy. The natural 
radioactive elements occur together in ores. They are often accompanied by lanthanides. 
1.1.1     Rare metals resources: 
Rare metals were newly termed as  technology metals  widely used in the industry. Technology 
metals are those generally rare metals that are essential for the production of  high tech devices 
and engineered systems , such as: the mass production of miniaturized electronics and associated 
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devices; advanced weapons systems and platforms for national defense; the generation of 
electricity using  alternative  sources such as solar panels and wind turbines; the storage of 
electricity using cells and batteries. While named rare earths, they are in fact not that rare and are 
relatively abundant in the earth crust, what is unusual is to find them in quantities significant 
enough to support economic mineral development. As previously the main sources of all the 
metals are their respective ores. At the same time the use of metals is increasing, the primary ore 
deposits utilized become ever lower grade. China is also the dominant consumer of rare earths, 
which they are mainly in the manufacturing of electronics products. Japan and United states are 
the world second and third largest consumers of rare earths. Well known minerals containing 
cerium and light lanthanides include Bastnasite (carbonate-fluoride minerals), Monazite 
(phosphate minerals), etc. Thus utilizing new primary metal deposits may require larger 
investment, in the field of technology. Therefore, it makes sense to increase the recovery of 
metals from secondary raw materials, which in point of fact may be of a much higher grade than 
primary ores, or at least the raw material is more readily obtainable. Currently a widely-used 
term,  Urban Mining  simply means the utilization of anthropogenic wastes as metal resources, 
such as  The process of reclaiming compounds and elements from products, building and 
wasting.  The energy consumption, and therefore greenhouse gas emissions, of metals produced 
by recycling are also often lower than in primary production. 
1.1.1.1. Rare earths: 
The rare earth elements are the special group of 17 elements consisting of the lanthanides series, 
scandium, and yttrium (IUPAC 2005) [3]. All elements occur naturally except promethium, Pm, 
which is exclusively and has no stable isotopes. This is a group of seventeen elements with 
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atomic number 21, 39, and 57-71. The name of rare earths is misnomer, because they are neither 
rare nor earths. The first rare earth was discovered in the early part of the nineteenth century, and 
resembled the common earths, which were oxides of magnesium, calcium and aluminium. Since 
the rare earths were found and thought to be very rare minerals, they were thus called as rare 
earths [4]. However, they are not rare but rather relatively abundant in the earth s crust, and 
however, they are typically dispersed and only rarely occur in concentrated and economically 
exploitable mineral deposits. All these elements mainly exist as trivalent and when their salts are 
dissolved in water and the solution exhibits very similar chemical properties [5]. 
Due to their nuclear, metallurgical, chemical, catalytic, electric, magnetic and optical properties, 
rare earths have a big variety of application, such as lighter flints, glass polishing, phosphors, 
lasers, magnets, batteries, magnetic refrigeration, high temperature superconductivity, safe 
storage and transport of hydrogen etc [6]. Many of these application are characterized by high 
specificity, and most of rare earths have no substitute that possess the same efficient physical 
properties, a typical example is europium which has been used as the red phosphor in color 
cathode-ray tubes and liquid-crystal displays. Neodymium, samarium, gadolinium and 
dysprosium revolutionized permanent magnet technology. They made possible the construction 
of small, lightweight and high strength magnets that have allowed miniaturization of many 
electrical and electronic components. Alloys that contain rare earths have many advantages, they 
are not flammable or toxic, and don t deplete the ozone layer nor contribute to global warming. 
Therefore, toxic metals like cadmium and lead have been slowly replaced with rare earths in 
rechargeable batteries [7].  
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1.1.1.2.   Aluminum group metals: 
The boron family contains the semi metal boron (B) and metals aluminium (Al) gallium (Ga), 
indium (In) and thallium (Tl). They each have three electrons in their outermost shell and adopt 
+3 oxidation states [8]. Aluminium is notable for being the most abundant metal in the earth s 
crust (7.5-8.4%). Bauxite is the normal commercial source of aluminum. Gallium, indium and 
thallium are very much less abundant than aluminum and tend to be found at low concentration 
in sulfide minerals, rather than as oxides. Gallium has the largest temperature differences 
between the melting and boiling points among all metals. This metal is used for the manufacture 
of the compounds semiconductors as gallium arsenide, GaAs, and gallium phosphide, GaP.  
Indium is a soft metal also with the low melting point. It is the raw material for compound 
semiconductor InP, InAs, etc. used in photoconductors in optical instruments. It is obtained by 
separation from zinc ores. 
1.1.2.   Toxic metals: 
Many metals have no known biological function and some of these are capable of disrupting 
essential physiological processes [9]. Examples of these are cadmium, lead and mercury. Other 
metals in the wrong form can be toxic. For example, chromium as the Cr3+ is an essential trace 
element important for maintaining correct blood sugar levels, but as Cr3+ is a known human lung 
carcinogen. In the case of lead, any measurable amount may have negative health effects. Often 
heavy metals are thought as synonymous, but lighter metals may also be toxic in certain 
circumstances, such as beryllium. General toxic elements are antimony (a metalloid), arsenic, 
barium, beryllium, cadmium, lead, mercury, osmium, thallium, vanadium and radioactive 
elements. Heavy metal toxicity can result in damaged or reduced mental and central nervous 
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system, lower energy levels, and damage to blood composition, lungs, kidneys, liver and other 
vital organs. Heavy metals become toxic when they are not metabolized by the body and 
accumulate in the soft tissue. The main source of lead is ash, auto exhaust, battery, batteries, lead 
pipes, electroplating, metal polish, PVC containers etc. The symptoms of lead toxicity [10] are 
abdominal pain, allergies, constipitation, joint pain, kidney disorders, muscular dystrophy, tooth 
decay etc. 
1.1.3.    Hydrometallurgical operation for recovery and removal of metals: 
Hydrometallurgy is a process in which chemical reactions are carried out in aqueous or organic 
solutions for the recovery of metals [11]. Typically three general steps are carried out during 
hydrometallurgical recovery of metals, namely, leaching, solution concentration and purification 
and metal recovery. Various reagents have been used in chemical leaching. These include nitric 
acid, mixtures of nitric, hydrochloric and sulphuric acids, sulphuric acids, aqua regia, thiourea 
etc [12]. In the solution concentration and purification step, the solutions are subjected to 
separation procedures such as solvent extraction, precipitation, cementation, ion exchange, 
filtration, and distillation to isolate and concentrate the target metals [13]. Metal recovery is the 
final step in a hydrometallurgical process, which includes the electrolysis, gaseous reduction, and 
precipitations are the metal recovery process [14]. Today, hydrometallurgical separation method 
is utilized in various metal refining plants throughout the world. Modern hydrometallurgy began 
with the needs to obtain uranium in 1940s and extended into new areas with the acceptance of 
solvent extraction as an industrial scale process for copper production in the late 1960s to early 
1970s. Hydrometallurgy is vigorously competing with and replacing the old pyrometallurgical 
techniques and hydrometallurgical process are being increasingly used for the removal of toxic 
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metals as well as the recovery of precious metals which is inevitable from metal sources. The 
technological innovation of ion-exchange, solvent extraction and other process now permits 
more than 70 metallic elements to be recovered by hydrometallurgy. Based on 
hydrometallurgical study, the present report focuses on the development of new and effective 
reagents for liquid-liquid extraction and solid-liquid separation of rare metal ion. 
1.2.    Solvent extraction 
1.2.1.   Principle 
Although solvent extraction has long been known as a method of separation, only in recent years 
it has been recognized as one of the powerful separation techniques. Liquid-liquid extraction, 
mostly used, is a technique in which a solution is brought into contact with the second solvent, 
essentially immiscible with the first, in order to bring the transfer of one or more solutes into the 
second solvent [15-17]. The separations that can be achieved by this method are simple, 
convenient and rapid to perform, as well as they are clean as much as the small interfacial area 
certainly precludes any phenomena analogous to the undesirable co-precipitation encountered in 
precipitation separations. Solvent extraction is one of the most extensively studied and most 
widely used techniques for the separation and pre-concentrations of elements [18]. The 
techniques have become more useful in recent years due to the development of selective 
chelating agents for trace metal determination [19]. With proper choice of extracting agents, this 
technique can achieve group separations or mutual separation of trace elements with high 
efficiencies. In analytical applications solvent extraction would serve the following three 
purposes: (a) preconcentration of trace elements, (b) elimination of matrix interferences, and (c) 
differentiation of chemical species. 
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  The procedure is applicable to both, trace and large scales. A further advantage of solvent 
extraction method lies in the convenience of subsequent analysis of the extracted species. In 
conventional liquid-liquid extraction of metal ions, two immiscible liquid phases, the organic 
phase consisting of the extractant diluted with suitable diluent and the aqueous phase consisting 
of metal cations, are mixed and agitated. The transfer of metal cations from aqueous phase into 
organic phase is driven by the formation of a extractant-metal complex in the organic phase. The 
metal cation extracted by the extractant is quantitatively analyzed by different analytical methods 
such as atomic absorption spectroscopy (AAS) or inductively coupled plasma atomic emission 
spectroscopy (ICP-AES), UV-Vis spectroscopy, ion chromatography etc. If radiotracers are used, 
radioactive counting techniques can be employed. The metal ion extracted in organic phase 
generally back extracted into the aqueous phase by using a stripping solution leading to the 
regeneration of the extractant in organic phase. 
1.2.2.    Factors for optimal operation: 
Industrial utilization of solvent extraction in hydrometallurgy began with the Manhattan project 
in the 1940s [20]. To the present day, solvent extraction has been applied to separate almost 
every element in the periodic table. In solvent extraction, metals are extracted with a suitable 
reagent into a water-insoluble organic phase, while mixing one of the phases is dispersed within 
the other one creating large surface area, over which the extractable species transfer to the other 
phase as shown in Figure 1.1. 
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Figure 1.1: Principle of solvent extraction; R = reagent, M1 and M2 are different metals. 
The following three fundamental quantities are used to describe the efficiency of the solvent 
extraction process: the Distribution ratio, Di, is defined with analytical concentrations of the 
component i. Fraction extracted %Ei, describes the extent of extraction and may also be 
presented as a percentage. The percent extraction may be seen to vary with the volume ratio of 
the two phases as well as with D. The separation factor , describes selectivity between two 
components, and is by definition written so that it is larger than unity [21]. In those systems 
where one of the distribution ratios is very small and the other relatively large, complete 
separations can be easily achieved. If the separation factor is large but the smaller distribution 
ratio is sufficiently large and then less separation of both components occurs. 
1.2.3.   Properties required to extraction reagents: 
According to Ritcey [22], solvent extraction reagents are divided into three categories, based on 
their extracting mechanism. 
1) Extractant involving compound formation: this group consists of acidic extractant that 
extract metals either by chelating or a cation exchange mechanism and includes 
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organophosphoric acid derivatives, carboxylic acids and hydroxyoximes etc. The 
mechanism  is as follows: 
Mn+   +   nHA  =  MAn       +    nH+           ..(1) 
          where         Mn+      metal cation with charge n+ 
                              HA       extractant 
                              MAn     metal complex of extractant. 
2) Extractants involving ion association: this group consists of amine extractant, which are 
either strong (quaternary ammoniums) or weak (secondary and tertiary amines) anion 
exchangers. Mechanism are as follows: 
n (R3NH+X-)   +  MAn-   =  (R3NH+)n . MAn-   + nX-          .(2) 
 where             R3N     tertiary amine 
                        MAn-    anionic complex of metal M with anion with charge n- 
3) Extraction involving solvation: this group includes ethers, ester, ketones, aldehyde and 
alcohols, together with neutral organophosphorous compounds with oxygen or sulphur 
atoms as an electron donor. The mechanism is solvation of neutral inorganic molecules or 
complexes. The mechanism cannot be generalized for a simple reaction, but as an 
example, reaction equations for In ion extraction from HCl with TBP  as: 
In3+   +   3Cl-  +  nTBP   =  InCl3 . nTBP                 .(3) 
This is clear from this topic that for being a extraction reagent, it can follow anyone of the 
mechanism for the selective recovery of metal ion. Other properties relating to the structural 
behavior are further explained in the following topic. 
Anup Basnet Chetry                                                                            Saga University 2014 
 
1.3.    Supramolecular chemistry 
1.3.1.    Definition: 
Supramolecular chemistry has been defined by one of the its leading proponents, Jean-Marie 
Lehn [23-25], who won the nobel prizes for his work in 1987, as the  chemistry of molecular 
assemblies and of the intermolecular bond . Other definitions include phrases such as  the 
chemistry of the non-covalent bond and non-molecular chemistry . Originally supramolecular 
chemistry was defined in terms of the non-covalent interaction between a  host  and a  guest 
 molecules. Work in modern supramolecular chemistry encompasses not just host-guest systems 
but also molecular devices and machines, molecular recognitions, so called  self- process  such 
as self- assembly and self organization and has interfaces with the emergence of complex matter 
and  nanochemistry.  
Supramolecular chemistry is a multidisciplinary field which impinges on various other 
disciplines, such as the traditional areas of organic and inorganic chemistry needed to synthesize 
the precursors for a supermolecule, physical chemistry to understand the properties of 
supramolecular systems and computational modeling to understand complex supramolecular 
behavior [26-27]. The development in supramolecular chemistry over the past 25 years revealed 
in an enormous diversity of chemical systems, which is either in concept, origin or nature, to 
being supramolecular. For example, in the field of supramolecular photochemistry, which is 
different from the concept, but as a group of molecular components that contributes properties 
that each component possess individually to the whole assembly (covalent or non-covalent). So, 
the new system emerged in the new development as these system often self assemble using 
variety of interactions, some of which are clearly non-covalent (e.g. hydrogen bonds) and some 
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of which posses a significant covalent component (e.g. metal-ligand interactions).  Ultimately 
these self-assembly reactions and the resulting self-organization of the system rely solely on the 
intrinsic information contained in the structure of the molecular components and hence there is 
an increasing trend towards the study and manipulation of intrinsic  molecular information . This 
shift in emphasis is nothing more than a healthy growth of the field from its roots in host-guest 
chemistry to encompass and inform a much broader range of concepts and activities. 
1.3.2.   Host   guest chemistry 
If we regard supramolecular chemistry in its simplest sense as involving some kinds of (non-
covalent) binding or complexation event, we must immediately define what is doing the binding. 
In this context we generally consider a molecule (a  host ) binding another molecule (a  guest ) 
to produce a host-guest complex or supermolecule. Commonly the host is a larger molecule or 
aggregate such as enzyme or synthetic cyclic compound possessing a sizeable, central hole or 
cavity. The guest may be a monoatomic cation, a simple inorganic anion, an ion pair or a more 
sophisticated molecule such as a hormone, pheromone or neurotransmitter. More formally, the 
host is defined as the molecular entity possessing convergent binding sites (e.g. Lewis basic 
donor atoms, hydrogen bond donors etc.). The guest possesses divergent binding sites (e.g. a 
spherical, Lewis acidic metal cation or hydrogen bond acceptor halide anion). In turn a binding 
site is defined as a region of the host or guest capable of taking part in a non covalent interaction. 
The host guest relationship has been defined by Donald Cram (another supramolecular chemistry 
nobel laureate) [28] as follows: 
The formation of complex by two or more molecules or ions are held together in unique 
structural pattern by electrostatic forces other than those of full covalent bonds .molecular 
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complexes are usually held together by hydrogen bonding, by ion pairing, by -acid to -base 
interactions, by metal-to-ligand binding, by Van der waals attractive forces, by solvent 
reorganizing, and by partially made and broken covalent bonds(transition states)  formation 
of highly organized structure was only produced through multiple binding sites which consist of 
at least one host and one guest component ..A host-guest relationship involves a 
complementary stereoelectronic arrangement of binding sites in host and guest The host 
component is defined as an organic molecule or ion whose binding sites converge in the 
complex The guest component as any molecule or ion whose binding sites diverge in the 
complex. The host-guest binding event may be likened to catching a ball in the hand. The 
hand, acting as the host, envelops the ball providing a physical (steric) barrier to dropping it 
(disassociation). This analogy falls down at the electronic level, however, since there is no real 
attractive force between the hand and ball. Host and guest molecules or ions usually experience 
an attractive force between them and hence a stabilizing binding free energy. The analogy does 
serve to introduce the term  inclusion chemistry , however (the ball is included in the hand), 
hence the inclusion of one molecular in another [29]. 
1.3.3.   Classification of supramolecular Host   Guest compounds 
One of the first formal definitions of a supramolecular cage like host-guest structure was 
proposed by H. M. Powell at the University of Oxford in 1948. He coined the term  clathrate , 
which he defined as a kind of inclusion compound  in which two or more components are 
associated without ordinary chemical unions, but through complete enclosure of one set of 
molecules in a suitable formed by another  [30]. In beginning to describe modern host-guest 
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chemistry it is useful to divide host compounds into two major classes according to the relative 
topological relationship between guest and host. 
Cavitands: may be described as hosts possessing permanent intramolecular cavities. This means 
that the cavity available for guest binding is an intrinsic molecular property of the host and exists 
both in solution and in the solid state. 
Clathrands: are hosts with extra molecular cavities (the cavity essentially represents a gap 
between two or more host molecules) and is of relevance only in the crystalline or solid state. 
The host-guest aggregate formed by a cavitand is termed as a cavitate, while clathrands 
form clathrates. 
A third categorization  in which two molecules associate using non-covalent forces but do not fit 
the descriptions of host and guest i.e. the self assembly of a mutually complementary pair (or 
series) of molecules. The distinction between the two host classes and self assembly is illustrated 
schematically in Figure 1.2. Thus in Figure 1.2(a) the covalently synthesized host has four 
binding sites that converge on a central guest binding pocket. In term of coordination chemistry, 
metal ligand complexes can be thought of as host guest species, where large (often 
macrocyclic) ligands acts as hosts for metal cations. If the host possesses a permanent molecular 
cavity containing specific guest binding sites, than act as a host both in solution and in the solid 
state and there is reasonable likelihood that the solution and solid state structure will be similar to 
one another. In Figure 1.2(b) since there is no significant difference in size, species is acting as a 
host for another, the non-covalent joining of two or more species are termed as self assembly. 
Strictly speaking, in Figure 1.2(c) self assembly is equilibrium between two or more molecular 
components to produce an aggregate with a structure that is dependent only on the information 
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contained within the chemical building blocks. This process is usually spontaneous but may be 
influenced by solvation or templation effects or in the case of solids by the nucleation and 
crystallization processes. 
 
Figure 1.2: Schematic illustrating the difference between a cavitate and a clathrate: (a) synthesis 
and conversion of a cavitand into a cavitate by inclusion of a guest into the cavity of the host 
molecule: (b) inclusion of guest molecules in cavities formed between the host molecules in the 
lattice resulting in conversion of a clathrand into a clathrate: (c) synthesis and self assembly of a 
supramolecular aggregate that does not correspond to the classical host-guest description. 
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1.3.4.   Providing properties for extraction ability and metal selectivity of supramolecules 
1.3.4.1.   Selectivity: 
For a host-guest interaction to occur the host molecule must possess the appropriate binding sites 
for the guest molecules to bind to. For example, if the host has many hydrogen bond donor 
functionalities (such as primary and secondary amines) then the guest must ideally contain an 
equal number of hydrogen bond acceptors sites (such as carboxylates), which are positioned in 
such a way that it is feasible for multiple interactions between host and guest to occur. 
Alternatively, if the host has Lewis acid centers, then the guest must possess Lewis base 
functionalities. A host that displays a preference for a particular guest, or family of guests, is said 
to show a degree of selectivity towards these species. This selectivity can arise from a number of 
different factors, such as complementarity of the host and guest binding sites, preorganization of 
the host conformation or cooperativity of the binding groups. 
1.3.4.2   Complementarity: 
Complementarity plays an important role in biological and supramolecular systems, for example, 
in the function of enzymes. In addition to the degree of host preorganization, the other principal 
factor in determining the affinity of a host for a guest is complementarity. In order to bind, a host 
must have binding sites that are of the correct electronic character (polarity, hydrogen bond 
donor/acceptor ability, hardness or softness etc.) to complement those of the guest. Hydrogen 
bond donors must match acceptor that is Lewis acid must match Lewis base. Furthermore, those 
binding sites must be spaced out on the host in such a way as to make them possible to interact 
with the guest in the binding conformation of the host molecules [31]. If the host fulfills these 
criteria, it is said to be complementary. The principle of complementarity has been summed up 
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by Donald Cram [32]:  To complex, hosts must have binding sites which cooperatively contact 
and attract binding sites of guests without generating strong nonbonded repulsions.  For 
example, in coordination chemistry Lewis acids and bases are used to form complexes by the 
donation of electrons by the Lewis base to the Lewis acid. In the Lewis theory of acids and bases, 
the species can either be hard or soft, defined in terms of the polarizability of their electron 
density. As a general rule, hard-to-hard and soft-to-soft complexes are the most stable, displaying 
complementarity between the like species [33]. For example, the hard alkali metal cations are 
bound more strongly by the harder oxygen atoms of the crown ethers than the relatively softer 
nitrogen atoms of azamacrocycles. 
1.3.4.3.   Cooperativity and the chelate effect: 
A frequently heard saying is that  the whole is greater than the sum of its parts . In other 
words, a team pulling together has greater effect than the sum of many individuals  efforts. This 
concept can be easily applied to supramolecular chemistry [34]. A host species with multiple 
binding sites that are covalently connected (i.e. acting as a  team ) forms a more stable host-
guest complex than a similar system with sites that are not joined (therefore acting separately 
from each other).  Construction of a stable host-guest complex using (often weak) non-covalent 
interaction if we ensure that there are as many as possible of these interactions when added to all 
the other small stabilizations from the other interactions (summative) results in a significant 
binding energy and hence complex stability and sometime more than sum (multiplicative). When 
two or more binding sites (A and B) on a host cooperate in this fashion to bind to a guest the 
phenomenon is termed as cooperativity. If the overall stability of the complex is greater than the 
sum of the energies of the interaction of the guest with binding groups of A and B individually, 
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then the result is positive cooperativity [35]. On the other hand, if unfavorable steric or electronic 
effects arise from the linking of A and B together i.e. overall binding free energy for the complex 
to be less than the sum of its parts and then the phenomenon is termed as negative cooperativity. 
Binding site cooperativity in a supramolecular host-guest interaction is simply a generalization of 
the chelate effect found in classical coordination chemistry [36]. The chelate effect is the 
enhanced stability of a complex containing chelating (i.e. polydentate) ligands over one 
containing similar monodentate ligands. In chelation, a ring is formed which contains a metal 
atom, two donor atoms of the ligands, and carbon atoms bonded to one another. Figure1.3 shows 
schematically the difference between metal ion coordinated to six unidentate ligands, such as 
ammonia and one coordinate to three bidentate ligands, (NH2CH2CH2NH2). As the nature of the 
ligand is almost identical, yet the ethyldiamine complexis 108 times more stable than the 
corresponding hexamine complex as seen from the equilibrium constant. 
 
Figure 1.3: An example of the chelate effect: a metal ion surrounded by (a) six unidentate 
ammonia ligands and (b) three bidentate ethyldiamine ligands. Triangles represent the ligand 
interaction sites and the sphere represents a metal ion, Ni2+. 
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1.3.4.4.   Preorganization 
The complexes containing chelating ligands, with multiple interaction sites that are covalently 
connected, have increased stability compared to similar non chelating systems due to co-
operativity between the sites. Introducing an element of preorganization to a host can further 
enhance this stability. A preorganized host is one that has a series of binding sites in a well 
defined and complete mentary geometry within its structure and does not require a significant 
conformational change in order to bind to a guest in the most stable way [37]. This can be 
achieved by making a host that is rigid, with a preformed cavity that is already of the correct size 
to accept the potential guest species and with the appropriate interaction sites already in place. 
This arrangement is most frequently accomplished by using a host that contains one or more 
large rings, macrocycles, within its structure. Such rings are either rigid or have relatively 
restricted conformational freedom. The increased stability of ring-based host complexes 
compared to acyclic analogues has been traditionally referred to as the macrocyclic effect and is 
really just an example of the preorganization principle. The macrocyclic effect makes cyclic 
hosts such as corands (e.g. crown ethers) up to a factor of 104 times more stable than closely 
related acyclic podands with the same type of binding sites. The macrocyclic effect was first 
elucidated by Cabbiness and Magerum in 1969 who studied the Cu(II) complexes, both ions 
benefit from the stability associated with chelating donor atoms. However, the macrocyclic 
complex is about 104 times more stable than acyclic analogue as a consequence of the additional 
preorganisation of the macrocycle [38]. 
The enthalpic term arises from the fact that macrocyclic hosts are frequently less strongly 
solvated than their acyclic analogues, due to less solvent-accessible surface area. Entropically, 
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macrocycles are less conformationally flexible and so lose fewer degrees of freedom upon 
complexation. Bicyclic hosts such as cryptands are found to be even more stable than 
monocyclic coronands for much the same reasons. This further additional stability is referred as 
the macrobicyclic effect and simply represents the more rigid, preorganized nature of the 
macrobicycle (e.g. as an important contribution to the hosts for alkali metal binding). 
  
Figure 1.4: (a) A podand is not preorganized and must undergo a change in conformation in 
order to bind a guest destabilizing the complex. (b) A macrocycle that is preorganized for a 
specific guest does not need to change for significant binding. 
 1.3.5.    Thermodynamic and kinetic selectivity, and discrimination: 
The goal of supramolecular host design, both in nature (enzymes, transport protein etc.) and in 
artificial system, is the achievement of selectivity that is some kind of discrimination to different 
guest. The host must be able to discriminate between species and hence show a good degree of 
selectivity for the target guest [39]. There are two kinds of selectivity that may come about 
 thermodynamic and kinetic . 
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Thermodynamic selectivity: In thermodynamic terms, selectivity is simply the ratio of the 
binding constant for one guest over another: 
                      Selectivity= K Guest1/KGuest2 
This kind of selectivity tends to be the most easy to achieve because it is highly susceptible to 
manipulation by intelligent application of concepts such as lock and key analogy, 
preorganization and complementarity, coupled with a detailed knowledge of the host-guest 
interactions [40]. The correct selection of supramolecular interaction between the two species is 
also of great importance. This means that thermodynamic selectivity is enhanced through 
rational changes to the design of the host. 
Kinetic selectivity: The word  kinetic  implies that there is a time element involved. However, it 
relates to the rate of transformation of competing substrates along a reaction path. The rate at 
which competing substrates are transformed is the determining factors for kinetic selectivity, 
with the enzymes or catalyst being selective for the fastest   reaching substrate. In this sense, it is 
the guest that is transformed fastest, rather than the one that is bound the strongest, that the 
system is said to be selective for. Indeed, in such large binding constants are inhibitory to the 
system since kinetics is slowed down. 
1.3.6.   Nature of supramolecular interactions: 
In general, supramolecular chemistry concerns non-covalent bonding interactions. Non covalent 
interactions are considerably weaker than covalent interactions encompassing enormous range of 
attractive and repulsive effects. However, when these interactions are used in a co-operative 
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manner, a stable supramolecular complex can exist. The types of non covalent interactions are 
summarized in Table 1.2. 
 
Table 1.2: Summary of supramolecular interactions 
Interaction  Strength  ( kJ mol-1) Example 
Ion - ion 200 - 300 Tetrabutylammonium chloride 
Ion - dipole 50 - 200 Sodium [15]crown-5 
Dipole - dipole 5 - 50 Acetone 
Hydrogen bonding 4 - 120 DNA / RNA 
Cation -  5 - 80 K+ in benzene 
 -  0 - 50 Benzene and graphite 
van der Waals  < 5 kJ mol-1 but variable Argon; packing in molecular crystal 
 
1.3.6.1.   Ionic and dipolar interactions:  
Ionic and dipolar interactions were divided into three categories summarized in Table1.2: (i) ion -
ion interactions, (ii) ion - dipole interactions, and (iii) dipole - dipole interactions, which are based 
on the columbic attraction between opposite charges. The strongest of these interactions is the 
ion-ion which is comparable with covalent interactions. Ion ion interactions are non-directional 
in nature, i.e. the interaction can occur in any orientation, therefore, highly stabilized by 
molecular pairings. Example of ion-ion interactions is the interaction of tetrabutylammonium  
(host) with anions (Cl-) Figure 1.5(a). Ion-dipole and dipole-dipole interactions have orientations-
dependent aspects requiring two entities to be aligned such that the interactions are in the optimal 
direction. Ion   dipole interactions also include coordinative bonds, which are mostly electrostatic 
in nature in the case of the interactions of nonpolarisable metal cations and hard bases. For 
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example, the structure of the complexes of alkali metal cation with macrocycles (crown ether) 
Figure 1.5(b). Ion-dipole interactions are stronger than dipole   dipole interactions as ions have a 
higher charge density than dipoles. Dipole-dipole interactions are useful for bringing species into 
alignment, as the interaction requires a specific orientation of both entities. Organic carbonyl 
compounds show this behavior (Figure 1.5(c)) well in the solid state. 
 
Figure 1.5: Examples of electrostatic interactions: (a) ion - ion interaction in 
tetrabutylammonium chloride; (b) ion - dipole interaction in the sodium complex of [15] crown-
5; (c) dipole   dipole interactions in acetone. 
Electrostatic interactions play as important role in understanding the factors that influence high 
binding affinities, particularly in biological systems in which there is large number of recognition 
processes that involve charge - charge interactions; indeed these are often observed for the first 
interactions between a substrate and an enzyme. 
1.3.6.2.   Hydrogen bonding: 
A hydrogen bond may be regarded as a particular kind of dipole-dipole interaction in the design 
of supramolecular architectures, because of its strength and high degree of directionality. It 
represents a special kind of dipole-dipole interaction in which a hydrogen atom attached to an 
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electronegative atom is attracted to a neighboring dipole on an adjacent molecule or functional 
group. Hydrogen bonds are commonly written  D-H A and usually involve a hydrogen atom 
attached to an electronegative atom such as O or N as the donor (D) and a similarly 
electronegative atom, often bearing a lone pair, as the acceptor (A) [41]. Because of its relatively 
strong and highly directional nature, hydrogen bonding has been described as the  masterkey 
interaction in supramolecular chemistry . An excellent example of hydrogen bonding in 
supramolecular chemistry is the formation of carboxylic acid dimmers as shown in Figure 1.6.  
           
Figure 1.6: The standard way of expressing donor and acceptor atoms (D, donor atom; A, 
acceptor atom); (b) dimeric structure of carboxylic acid. 
Strength of hydrogen bond depends on the type of electronegative atom to which the hydrogen 
atom is attached and the geometry that the hydrogen bonds adopts in the structure. Typically, the 
strengths range from 4 - 120 kJ mol-1, with the vast majority being under 60 kJ mol-1  [42]. The 
geometry of a hydrogen bond and the type of donor and acceptor groups determine the strength, 
length, and nature of the interaction. The highly directional nature of hydrogen bonding 
interactions, together with the specific alignment of hydrogen bond donors and acceptors, has 
proved to be a fruitful asset for the design of supramolecular systems. Hydrogen bonds are 
ubiquitous in supramolecular chemistry. In particular, hydrogen bonds are responsible for the 
overall shape of many proteins, recognition of substrates by numerous enzymes, and for the 
double helix structure of DNA. 
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1.3.6.3.    - Interactions 
There are two main  - interactions that can be found in supramolecular systems, namely (i) 
cation    interactions (ii)  -  interactions. Cation    interactions are well known in the field 
of organometallic chemistry, whereby olefinic groups are bound to transition metal centers, for 
example, ferrocene and Zeise s salt, but these are regarded as non-covalent interactions [43]. 
However, alkaline and alkaline earth metals also form interactions double-bond system, typically 
between 5 and 80 kJ mol-1. For example, the interaction of potassium ion with benzene has a 
similar energy to the K+-OH2 interaction. The potassium cation is more soluble in water than in 
benzene, however, as it is not sterically possible to fit as many benzene molecules around the 
metal ion as water molecules [44]. 
The  -  interaction also called aromatic  -  interactions occurs between aromatic rings, often 
in situations where one is relatively electron rich and the other is electron poor [45]. There are 
two general types of  - interactions: face-to-face and edge-to-face. Face-to-face interaction is 
responsible for the slippery feel of graphite and its useful lubricant properties. Similar 
interactions between the aryl rings of nucleobase pairs also help to stabilize the DNA double 
helix. Edge-to-face interaction may be regarded as weak forms of hydrogen bonds between the 
slightly electron deficient hydrogen atoms of one aromatic ring and the electron rich  - cloud of 
another. These are responsible for the characteristic herringbone packing in the crystal structure 
of small aromatic hydrocarbons including benzene. 
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Figure 1.7: Various types of -interactions (a) Cation -  interactions (80 kJ mol-1 in gas phase) 
(b) face-to-face  -  interactions (c) edge-to-face  -  interaction. 
1.3.6.4.   Hydrophobic interactions:  
Hydrophobic effects generally relate to the exclusion from polar solvents, particularly water, of 
large particles or those that are weakly solvated (e.g. via hydrogen bonds or dipolar interactions). 
The effect is obvious in the immiscibility of mineral oil and water [46].  The water molecules are 
attracted strongly to one another resulting in a natural aggregation of other species as they are 
squeezed out of the way of the strong inter-solvent interactions. Hydrophobic effects are of 
crucial importance in the binding of the organic guest by cyclodextrins and cyclophane hosts in 
water and may be divided into two energetic components: enthalpic and entropic. The enthalpic 
hydrophobic effect involves the stabilization of water molecules that are driven from a host  
cavity upon guest binding, as host cavities are often hydrophobic, intracavity water does not 
interact strongly with the host walls and is therefore of high energy. The entropic hydrophobic 
effect arises from the fact that the presence of two (often organic) molecules in solution (host and 
guest) creates two  holes  in the structure of bulk water. Combining host and guest to form a 
complex results in less disruption to the solvent structure and hence an entropic gain (resulting in 
a lowering of overall free energy). 
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1.3.6.5.   Supramolecular concept and design: 
Host design: In order to design a host that selectively bind a particular guest, we should make 
use of the chelate and macrocyclic effects as well as the concepts of complementarity (matching 
of host and guest steric and electronic requirements) and crucially, host preorganization [47]. 
The first step in host design is a clear definition and clearful consideration of the target. If a 
metal cation is (to be) the guest, then its size (ionic radius), charge density and  hardness  are 
important (e.g. soft donor atoms such as sulphur are suited to the binding of soft guests such as  
Hg+, Ag+). For anion complexation, these factors also effect spherical anions such as chloride, 
bromide etc, where for nonspherical anionic guests, other factors such as shape, charge and 
hydrogen bond donor characteristics come into play. Organic cations and anions may require  
hosts with both hydrophilic and hydrophobic regions, while neutral molecule guests may lack 
specific  handles  such as polar groups that can strongly interact with the host. Host guest 
interactions occur through binding sites [48-49]. The type and number of binding sites must be 
selected in a fashion that is most complementary to the characteristic of the binding sites of the 
guest and these binding sites must be arranged on a organic scaffold or framework of suitable 
size to accommodate the guest. The most stable complexes are generally obtained with hosts that 
are preorganized for guest binding, thus where there is no entropically and enthalpically 
unfavorable rearrangement on binding. The nature of the organic framework of the host itself, 
regardless of being whether lipophilic or hydrophilic, plays a fundamental role in host behavior. 
This determines the solubility characteristics of the host and its complexes. Addition of side arms 
may enhance lipophilicity (e.g. long alkyl chains) or encourages interaction with some external 
entity such as polymer support or biomolecule. 
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1.4.   Designing and synthesis of calixarene and pseudocalixarenes 
1.4.1.   History of calixarenes: 
Calix[n]arenes shown in Figure 1.8 are the cyclic oligomers or metacyclophanes derive from the 
condensation reaction of the corresponding phenols and formaldehyde under basic reaction 
conditions. They are simply prepared in high yields from inexpensive starting compounds and 
easily modified. Since Gutsche established their single step preparations, calixarenes can be 
decorated with a wide variety of functional groups on the aromatic rings and/or the O-centers of 
the phenolic groups, the so-called upper (or wide) and lower (or narrow) rims of the calixarenes 
respectively. In addition to their inclusion capability, qualifying them as potential  nanoscale 
containers , the variety of properties of functionalized calixarenes coupled with their low cost 
and non-toxicity may allow their exploitation through multidisciplary areas of research as 
catalyst [50], extractants [51], semi-conductors [52], switchable devices for data storage [53] and 
sensors of bioactive compounds [54]. 
 
 
Figure 1.8: Illustration of calix compound (a) General structure of calixarene (b) calix crater with 
the death of aktaion; (c) representation of calix[4]arene as CPK model. 
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Calixarenes have a long history, stretching back to 1872 when Adolph von Bayer published the 
first result concerning the products obtained from the reaction of phenol with formaldehyde.  
However he was unable to isolate the product and determine its structure. In 1944, Zinke and his 
co-worker Erich Ziegler obtained a crystalline product while performing the condensation 
reaction of p-tert-butylphenol and formaldehyde under basic conditions. The structure was 
assigned as acyclic tetramer (n=1, Figure 1.8). In the late 1950s, experiments carried out by 
Cornforth and coworker [55] indicated that the Zinke products were actually mixtures of two 
compounds. In the 1970s, Gutsche and coworkers [56] reinterpreted the results of Zinke reaction 
and found that the  product  was a mixture of cyclic tetramers, hexamers and octamers. 
Subsequently, Gutsche s group developed general, simple and easy procedure for synthesizing 
the calixarenes in good to excellent yields from a gram scale or less to many kilograms [57]. This 
started an era of prosperous calixarene chemistry. It was also Gutsche who first proposed the 
name   calixarenes  for these molecules since the shape of the molecule resembled  to Greek 
vase called calix crater, [58] where the Greek calix means  vase  or  chalice  and arene denotes 
the presence of surrounding aryl groups.  
1.4.2.   Nomenclature of calixarene: 
The name  calixarenes  was originally conceived to connote the shape of the phenol-derived 
cyclic tetramer in the conformation in which all four aryl groups are oriented to the same 
direction. According to the nomenclature, a bracketed number is inserted between calix and 
arene, thus gives  calix[n]arene , where n denotes the number of aryl groups. Therefore, a cyclic 
tetramer is called as  calix[4]arene , a cyclic hexamer is called as  calix[6]arene  and cyclic 
ocatmer is as  calix[8]arene . However, a more systematic nomenclature has evolved in which 
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the term  calixarene  is taken to apply only to the fundamental structure devoid of substituent s 
and the substituent s are listed  and their  positions  numbered as shown in Figure 1.9. 
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Figure 1.9: Structure and numbering of calix[4]arene 
The cyclic tetramer from p-tert-butylphenol and formaldehyde acquired the name 5,11,17,23-
tetrakis(1,1-tetrakis(1,1-dimethylethyl)-25,26,27,28-tetrahydroxycalix[4]arene. Since all of the R 
groups at the para-positions are the same (t-Bu), it is frequently abbreviated as p-tert-
butylcalix[4]arene.
1.4.3.   Synthesis of calixarenes: 
Calixarenes are synthesized by two major methods: single step base-induced synthesis and 
multistep synthesis, each having its own pro and con.  The multiple step synthesis can be further 
classified as non-convergent stepwise synthesis and convergent synthesis. 
Single-step, base induced synthesis: 
Developed by Gutsche and coworkers [59], this procedure is by far the most efficient and 
convenient way of preparing calix[4]arenes [60], calix[6]arenes [61] and calix[8]arenes [62] on a 
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fairly large scale with high reproducibility (Figure 1.10). Careful control of the reaction 
condition can give these three major p-tert-butylcalixarenes in 50, 85 and 63% yields, 
respectively, when different bases, as well as amounts of the base and solvents, were applied. 
However, neither p-tert-butylcalix[5[arene nor p-tert-butylcalix[7]arene could be obtained in 
comparable yields. As this report focuses on ionizable calixarene derivatives, the subsequent 
discussion will be limited to that topic. 
R
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OH HO RR
OH
R
n
R
OH
+ HCHO
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Solvent reflux
n = 1, 3, 5
R = tert butyl, tert octyl
Figure 1.10: Single-step, base induced synthesis of calix[n]arenes. 
1.4.4.    Conformation of calix[4]arenes: 
Calixarenes are built up by phenol and methylene units and possess several conformational 
isomers because of two possible rotational modes of the phenol units: the oxygen-through-the-
annulus rotation and the para-substituent-through-the-annulus rotation. As shown in Figure1.11, 
the region where the p-tert-butyl groups are located is called the  upper rim  or  wide rim  and 
the region where the four hydroxyl groups lie is called the  lower rim  or  narrow rim .
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Figure 1.11: Two possible rotational modes of the phenol units.
Rotation of the p-tert-butyl groups through the upper rim is prohibited in calix[4]arenes, but it is 
possible in calixarenes with larger rings. Hence different conformations of calix[4]arene 
originate from the lower rim rotation.The calix[4]arenes were first recognized by Cornforth [63] 
as being capable of assuming four conformations, with various numbers of aryl groups projecting 
upward ( u ) or downward ( d ) relative to an average plane defined by the bridge methylene 
groups. These conformations were later named by Gutsche [64] as  cone  (u,u,u,u,),  partial  
cone  (u,u,u,d),  1,2-alternate  (u,u,d,d) and  1,3-alternate  (u,d,u,d) as shown in Figure 1.12.   
 
 
 Figure 1.12: Four conformations of p-tert-butylcalix[4]arene.  
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The size of the substituent on the lower rim is very important for the conformations of 
calix[4]arenes. It was found that the tetramethyl, tetraethyl and tetrakis(cyanomethyl) ethers  of 
calix[4]arene were all conformationally mobile, while the tetrapropyl ether was conformationally 
rigid even at elevated temperatures. Therefore, O-substituent groups larger than ethyl locked the 
conformation of a calix[4]arenes into four sterioisomers. The number of conformations for 
calixarenes with larger rings increases rapidly. While calix[5]arenes, like the calix[4]arenes, have 
only four true  up-down  conformers, calix[6]arenes have eight, calix[8]arenes have sixteen, etc. 
Frequently, however, the actual molecule possesses conformations and symmetries differing 
from the ideal as the result of torsional changes in the arene rings orientation. For example, the 
cone conformation often assumes a pinched or flattened cone structure in which one pair of arene 
rings become almost parallel, while the other pairs plays outwards. Proton nuclear magnetic 
resonance (NMR) measurements of several calixarenes in solution show that they mainly existed 
in the cone conformation, but they are conformationally mobile at room temperature [65]. The 
cone conformation of calixarenes is flexible in its ability to accommodate various guests. Their 
conformational properties help in ligating guests which can be even much larger compared with 
the host molecules as in case of inclusion properties [66-67] of calixarenes. 
1.4.5.   Calixarenes in ionic recognition and separation 
Calixarene appeared as the third generation of supramolecular host compound after cyclodextrin 
and crown ether. It has been proved to be the important building block in supramolecular 
chemistry. Calixarenes have received special attention because their easy large scale preparation 
and ability to undergo further synthetic elaboration. Various applications of calixarenes have 
been applied in purification chromatography, catalysis, enzymes mimics, ion selective electrodes, 
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phase transfer, transport across membranes, ion channels and self assembling monolayers. 
Calixarene, in fact  ideal  molecular platform for the introduction of specific ligating arms in a 
preorganized pattern. So, depending on the nature of the ligating groups and on the dimension of 
macrocyclic scaffold, these ligands became selective for certain kinds of metal ions. The 
macrocyclic ring in calixarenes acted as a molecular backbone to which ligating functional 
groups are attached. There were many examples, however, where the ring itself engages in 
binding such as with its -basic phenolic cavities to class B cations, to class A cations with the 
phenolic oxygen atoms or to organic molecules by CH -  or     stacking interactions. Using 
the macrocyclic backbone, an excess of certain ligating groups can be avoided, thus improving 
the selectivity, e.g. for a divalent cation two ionizable groups are introduced into calix[4]arene. 
The remaining two neutral binding groups fill up the coordination sphere. There is a possibility 
to attach chelating moieties onto calixarenes, thus combining the chelate and the macrocyclic 
effects. However, the chelating groups increase the flexibility of the ligand, also fix the distance 
between two or more ligating atoms, whereas sometimes selectivity is good and sometimes 
unusual and may reduce the overall selectivity, and the branched alkyl groups attached to the 
phenyl rings for high hydrophobicity. The size of the cavity is large enough to accommodate the 
metal cation. During complexation, the hydration shell is partially or wholly removed from the 
cation and substituted by the donor atoms of the ligand, and this number of donor atoms in the 
ligands in order to match the coordination number is also important. The donor atoms are held by 
the calixarenes backbone with limited flexibility in positions suitable to match the shape of the 
coordination sphere.  
As compared to the crown ether, calixarenes with oxygen donor atoms turned out to be suitable 
for selectivity binding alkali ions. The ligands are more hydrophobic and stable compared with 
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crown ethers. Although the ring formed by phenolic oxygen atoms in calix[4]arenes (2  
diameter) [68] is well suited for the diameter of lithium ion (1.36  ), due to its strong hydration, 
it was not situated inside the cavity but its rim instead [69]. Nitrophenol or azophenol moieties 
on calix[4]arenes equipped with additional ester groups [70] transforms the Li/Na-selectivity. In 
calix[4]arenes bearing carboxymethoxy groups, the carbonyl and ether oxygen atom form a 
cavity with a size suitable for sodium ions [71]. Crowned calixarenes were characterized by a 
high degree of molecular preorganization and therefore achieve even higher selectivities, among 
alkali ions [72]. The crown moiety and the calixarene each other restrict molecular flexibility, 
leading to a better discrimination for ion size. Calix[4]arenes bearing a crown 5 group showed 
high potassium selectivity and increased with combination of nitrophenol and azophenol moiety. 
For cone conformers, the ligating groups are on one side of the molecule and the hydrophobic 
groups from the other side [73-74]. Changing the conformation to partial cone or alternate, the 
ligands became even better preorganized for binding potassium. Long chains alkyl group also 
help in high selectivity. For larger atom, rubidium and caesium, calix[6]arene and calix[8]arenes 
bearing mono- or bidentate groups [75] at the expense of hydrophobocity upon removal of the p-
tert butyl group. Crowned calixarenes in 1,3-alternate conformation with the absence of p-tert 
butyl group were suitable for caesium selectivity because they enable cation-  interaction. 
Among ester, acid or amide groups [76] anchored to calixarenes, the latter turned out to form the 
most stable complexes with alkaline earth ions due to the high carbonyl group polarity, e.g. a 
good selectivity for calcium ion over magnesium ion was achieved with tertiary amides. Bartsch 
and co-workers [77] synthesized calix[4]arene derivatives containing N-(X)sulfonyl carboxamide 
functional groups and also in different conformation exhibited efficient alkali metal cation 
extraction and the other series of calix[4]arene-crown-5 and calix[4]-crown-6 derivatives exhibit 
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high extraction selectivity towards barium ion [78]. With phosphine oxide groups appended to 
the lower rim showed Ca2+/Na+ selectivity. Amide derivatives of calixarenes have also been used 
for strontium separation in synergistic mixtures with hydrophobic anions [79]. 
 Allyl ethers of calix[4]arene complexed with silver ions due to the specific interaction between 
the -clouds and soft cations which led to selective complexation without the need for other 
donor groups. The selectivity was also confirmed by extraction using various allyl and benzyl 
ether derivatives. The second approaches to silver selectivity consist of the introduction of soft 
donor atoms such as sulfur and nitrogen. Thioester group, thiocarbamoyl groups or 
dithiocarbamoyl groups when attached to the calixarene skeleton such as to provide selectivity 
for  Ag+, Pd+, Hg+. 
 The selective interaction process between calixarenes and transition metal ion requires among 
other conditions, structural characteristics and dimensions of the cavity formed by the calixarene 
ring so that it is capable to fitting suitably to a specific cation. The efficiency of interaction may 
also be affected by the nature of the metal ion and by the number, distance and orientation of the 
donor atoms [80] in calixarene that are structurally accessible to the complexed cation. 
Calix[4]pyrrole schiff base as binucleating ligand for Cu+ and Cu2+ ion. Azacalix[4]arene [81] 
also formed strong complexes in metal ligand ratio 2:1 with metal like Cu2+,  Ni2+ and Co2+.. 
For f-element ions, large amounts of data have been accumulated in the area of extraction and 
transport, and rather selective ligands were developed. These molecular designs are based on 
calixarenes bearing (i) bidentate groups such as carbamoylphosphine oxide, (ii) monodentate 
groups such as phosphine oxide, ester of phosphoric, phosphonic or phosphinic acids, or (iii) 
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different monodentate groups such as acid and amide within the same molecule. In the latter 
section, I focused on the extraction behavior of different calix[4]arene towards  f-block elements. 
1.4.6.   Proton ionizable calixarenes: 
For the solvent extraction of metal cation with the calixarene (a neutral host), an anion must be 
transported into the organic phase. To maintain electroneutrality in the complex formed with a 
neutral ligand, one or more anions must be present to neutralize the positive charges. The 
separation process worked well for lipophilic aqueous phase anions, such as perchlorate, picrate, 
and thiocyanite. However, for practical solvent extraction of metal ions, the common anions, 
chloride, nitrate and sulphate are hard anions, which are extensively hydrated and resisted to 
transfer into an organic medium [82]. The distribution coefficients of these metal salts between 
an aqueous and an organic phase containing the extractant were often too low to be useful. 
Being the commonly considered proton ionizable group, a carboxylic acid function was 
incorporated into the calix[4]arenes. These proton ionizable calix[4]arenes have been found to be 
more effective as metal extractant than the corresponding non-ionizable ketones, ester and 
amides [83]. Now when the metal ion is transferred into the organic phase, a proton is released 
from the proton ionizable calixarene in an ion-exchange reaction (as shown in Figure1.13). Thus 
anions remain in the aqueous phase and an electroneutral, ionized calixarene-metal ion complex 
is formed which has good solubility in the organic phase. 
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Figure 1.13: Metal ion extraction with an proton ionizable calixarene. 
Another important advantage for the use of (proton) ionizable calixarenes in metal (ion) 
extraction is the ease with which the extracted metal ions can be recovered. The separated 
organic phase containing the extraction complex can be readily stripped by the treatment with 
mineral acids to release the metal ions into the acidic aqueous phase and regenerates the 
calixarene in the organic solvent for subsequent reuse. Such a release mechanism is not generally 
available for neutral calixarene ligands. 
The introduction of an additional ionizable group on the calixarenes, tremendously improves the 
separation efficiency. It is suggested that the nature of the proton-ionizable group, particularly its 
acidity (Ka) [84], controls the metal complexation properties of such compounds. For example, 
calixarene carboxylic acids were found to be much more efficient interphase carriers for alkaline 
earth metal cations than related unfunctionalized calixarenes with phenolic groups on the lower 
rim [85]. Later on, calixarenes containing phosphonic acids, phosphonic acids ester [86], 
sulphonic acids [87], hydroxamic acids [88] etc. as proton ionizable groups were emerged with 
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special interest for separation of mono- and polyvalent metal ions by solvent extraction. Bartsch 
and coworkers [89] introduced a new type of proton-ionizable calixarene with pendent ionizable 
N-(X)sulfonyl carboxamide functions, C(O)NHSO2X, to the lower rim. This type of proton 
ionizable group may be  tuned  by the variation of the X groups (it can be  CH2, -Ph, -PhNO2, -
CF3).This important concept led to the designing of efficient and selective proton-ionizable 
ligands for metal separation process is charge matching within the metal ion-ionized ligand 
complex. Thus for use in separation of divalent metal ion species, calixarenes with two mono-
ionizable groups or one di-ionizable group are needed. As far, the calixarene carboxylic acids 
were reported to form complexes with alkali metal and ammonium ions [90], alkaline earth metal 
ions [91], transition and heavy metal ion [92] as well as rare earth cations [93]. Following the 
same principle, the calixarene acids, in general were found to form stronger complexes with 
trivalent cations than with monovalent cations. In following chapters, extraction of polyvalent 
ions with phosphonic acid, hydroxamic acid derivatives of p-tert-octylcalix[4]arene and a novel 
trident calix[3]arene containing carboxylic and hydroxamic acid derivative have been discussed. 
1.4.7.   Solvent extraction separation of rare earths: 
The small difference in ionic radius, the preference for interaction with hard-sphere base donor 
atoms and the dominance of the +3 oxidation state across the lanthanoid series, make individual 
separation of these elements very difficult [94]. A summary of separation methods for such 
elements was published by Gupta and Krishnamurthy [95]. Nowadays, solvent extraction and ion 
exchange are the most useful methods for rare earths separation. Ion exchange and solvent 
extraction are based on lanthanides contraction (which is the decrease in ionic radius across the 
lanthanides series of elements), from lanthanum to lutetium [96]. This has an effect on the 
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properties of the elements, the strength of cation - anion, ion - dipole and ion - induced dipole 
interactions increasing with the decrease in ionic radius. Thus heavy members of the series will 
create stronger bounds with solute and solvent molecules compared to light members [97] 
allowing preferential binding to ion exchange resins, or extraction of the complex into the 
organic phase. Interest has been shown in their group separation from trivalent actinides 
elements, and in their mutual separation. Literature study revealed that three major classes of 
extractant have been utilized for separating rare earths. The major class of extractant are (a) 
cation exchangers (or acidic extractants), (b) solvation extractants (or neutral extractants), and (c) 
anion exchangers (or basic extractants).  
Cation exchangers or acidic extractants: 
It is evident that the extraction of rare earths with cation exchangers is promoted by increasing 
the aqueous phase pH, while the stripping process, which reverses the extraction reaction, is 
promoted by increasing the acidity of the aqueous stripping solution. Two different classes of 
cation exchangers are useful for rare earth separations, namely carboxylic or fatty acids, and 
organophosphorous acid. 
1) Carboxylic acids: The use of different carboxylic acids, including naphthenic acids and 
Versatic acids, for extracting rare earth metal ions has been reported [98]. Extractant, Versatic 10 
extracted middle rare earths with yttrium naphthenic acid extracted light rare earths easily with 
ytterium [99-100]. It was noted that the behavior of yetterium was correlated with the acidity of 
the extractant, and also the changing order due to steric hinderance caused by the structure of the 
carboxylic acid and the atomic number of the rare earth metal ions. Naphthenic acid has been 
widely used for separating yttrium from lanthanides [101], however the composition changes 
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with use and its high solubility in water led to significant reagent lost. It was suggested that the 
introduction of the 2-bromo substitute in an alkanoic acid structure lowers the pKa values, 
enabling the substitute acids to be an effective extractant at lower pH than the parent compounds 
[102]. 
2) Organophosphorous acids: Various kinds of acidic organophosphorus extractants have been 
used in rareearth separation process, with D2EHPA (or HDEHP), bis(2-ethylhexyl)phosphoric 
acid) and  HEHEHP (or EHEHPA), 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester) are 
the main solvents widely used [103]. It was found that one of the acids groups in a D2EHPA 
dimmer in the organic phase dissociates and participates in the extraction. The selectivity order 
was Lu > Yb > Tm > Tb > Eu > Pm > Pr > Ce > La with the log of the distribution coefficient 
increasing linearly with the atomic number [104]. D2EHPA can extract rare earths at low pH 
values but stripping is difficult for the loaded metals [105]. Thus, other acidic 
organophosphorous extractants have been widely examined for rare earth solvent extraction such 
as M2EHPA(mono-2ethylhexylphosphoric acid) which effectively extracts Sm and Gd from 
acidic media but not selective. The reagent HEHEHP (PC88A as trade name) has gained more 
popularity for rare earth separations because rare earths can be stripped at lower acidities than 
form HEHEHP [106], with the extraction order from chloride and nitrate media La < Ce < Pr < 
Nd < Sm < Eu < Gd < Tb < Dy < (Y) < Ho < Er < Tm < Yb < Lu [107]. Dialkyl phosphinic 
acids called Cyanex272 (bis-(2,4,4-trimethylpentyl)phosphinic acid has been used commercially 
[108]. Chloroform solution containing dicyclohexylphosphinic acid (DCHPA) was inferior to 
that of other dialkyl phosphinic acids, because cyclohexyl group sterically hinder chelate 
formation [109]. The separation factors between adjacent lanthanoids follow the order: 
phosphinic > phosphonic > phosphoric > carboxylic acids. 
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Chelating extractants:  As hydrogen donors, chelating extractants extract metals by a cation ion 
exchange mechanism, but the resulting organic complexes are stabilized by the organic anion 
coordinating the central cation in at least two positions [110]. Chelating extractants have been 
examined for extracting europium from nitrate medium and other lanthanides from chloride 
solutions [111]. 
Solvation extractants: Organophosphorous compounds (TOPO, TBPO, TBP etc.), alkyl 
sulfoxides are classified as neutral extractants. As most of the rare earths exist as +III state so 
these extractants have little application for the separation of rare earths. Some macromolecules 
having cyclic structures such as crown ethers and calixarenes have also been used for rare earth 
separation [112]. The methods based on neutral extractants for rare earth separation where high 
acid and salt concentrations which sometimes caused waste problems in large scale. The 
extractability of lanthanides with TBP (tributylphosphate) increased with increasing atomic 
number in nitrate medium and was promising for separating rare earths lighter than samarium. 
Cyanex 923 in n-hexane was found the extraction of Ce(IV) to be insensitive to acidity[113]. 
Anion exchangers: Rare earth elements are hydrolyzable metals and amines have the potential to 
extract them from basic media [114]. Primary amines and quaternary ammonium salts are
indicated to be useful for rare earths extraction in alkaline medium. Anion exchangers extract 
metal ions as anionic complexes, and hence are only effective in the presence of strong anionic 
ligands. Primene JMT (trialkylamine) extract rare earth metal ions in sulfate medium while 
quaternary ammonium salts such as trioctyl methylammonium nitrate (Aliquat 336) have proved 
promising for separating light rare earths more readily than the heavier ones. This behavior 
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contrasts with those of most of cation exchangers and solvating extractants, for which the 
extraction of the rare earths metals increases steadily with increasing atomic number.  
1.4.8.   Pseudocalixarenes in ionic recognition and separation: 
By last decades, much more attention had focused on the development of calix[n]arene based 
macrocyclic ligands. Unfortunately, calix[n]arene like macrocycles with only three oxygen 
donors are often quite difficult to prepare. The framework of calix[4]arene is rigid and its size is 
already fixed for a certain ion with adequate size. In that sense, the preparation of novel ligand 
with a different size framework is significant. Ligands such as hexahomooxacalix[3]arene and 
trihydroxy[3,3,3]metacyclophanes, require longer linkers between the aryloxide ligands and 
involved several synthetic steps. A promising approach to the development of new ligands and 
extractants for hydrometallurgy is based on the increase in denticity of ligands that makes it 
possible to obtain more stable complexes. At the same time, more rigid molecular framework 
increases selectivity of complexation. The use of tripodal structures based on the 
conformationally rigid platform makes it possible to develop ligands combining both the 
efficiency and the selectivity of complexation. In this connection, in the last decades tripodal 
ligands of different structure have attracted a growing attention, in particular, those on the triaryl-
methane platform containing the central triphenylmethane core with the chains bearing donor 
atoms attached to the phenyl rings. Structure of the present tripodal platform is shown in 
Figure1.14 (a) and (b) shows the simple representation of the extractant, which seems to be a 
mimics of calix[n]arene and for simplicity named as peudocalix[3]arene  [115-116]. 
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Figure 1.14: Structures of tris(3,5-di-tert-butyl-2-hydroxyphenyl)methane, and representation as 
pseudeocalix[3]arene.  
With only three arms locked in alignment, the ligands constructed on the framework are clearly 
distinct from the well-studied calix[n]arenes, and yet, this scaffold retains the simplicity of the 
synthetic manipulation of the calix[n]arene system. Having only three appendages, a variety of 
extended arms can be secured to the tris phenoxide platform and this ligand has the ability to 
present a metal with an octahedral array of binding sites.  The extended structures have been 
built on triphenoxy platform containing dimethyl amine, benzylamine, and glycine compound to 
study for the selective binding of alkali metal ions [117-118]. The ligands containing 
carbamoylphosphine oxides (CMPO) were designed which is very selective for actinides [119] 
especially thorium. These ligands are the best than the same derivatives of calix[4]arene. With 
increasing the spacer length of three precisely arranged CMPO moieties showing an excellent 
binding and selective efficiency for Pu(IV) [120]. With the incorporation of highly chelating 
carbamoylmethylphosphine sulphide (CMPS) in triphenoxy platform was excellent for the 
separation of lanthanides over actinides [121]. Presence of diglycolamide units behaved as 
tripodal chelates having tricapped trigonal prismatic geometry behaves as a selective extraction 
of heavier lanthanides in acidic medium [122]. The other characteristic occured as metal 
HO
OH OH
OH
CH
3
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complex containing sodium ion which is further used as the selective extraction of organic 
compound [123] and also used as catalysts in zinc ion complexes [124-125]. With the 
enumerable efficiencies we incorporated chelating ionizable hydroxamic acid group in the 
triphenoxy platform as a selective extraction of gallium metal ion. 
1.5.   Raised points and the research objectives: 
Ionic recognition is a major field of application of supramolecular chemistry. This led to the 
development of extractants that selectively extracts the desired cation from an aqueous phase, 
chemosensors (chromoionophores and fluoroionophores), ion selective electrode for detecting 
certain cations selectively and directly. Calix[4]arenes are an attractive class of macrocyclic 
compounds due to their chemical versatility and conformational properties. Metal ion 
complexation and transportation by calix[4]arene complexing agents have been studied 
extensively. The exploratory investigations of these synthetic macrocyclic compounds have 
focused mainly upon achieving high affinity and high selectivity for targeted metal ions. 
     Recent research interest in our group includes the design and synthesis of novel calix[4]arene-
based ligands and novel type of tripodal ligands containing ionizable group for recognition of 
metal ion, mainly for rare metal ion including rare earths and for complete recovery of toxic 
heavy metal ion. Literature study revealed that calix[4]arene is the macrocycle which are widely 
used for metal complexation. The excellent property of calix[4]arene is due to the 
complementarity, chelate and cooperativity effect of multifunctional groups (as discussed in 
section). So the main focus of this research is to incorporate the functional group that can 
selectively bind the targeted metal ion. The development of a calix[4]arene containing  
phosphonic or phosphinic acid in lower arm for the selective extraction of rare earths. 
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Recently, our group also focused on the study and development of tripodal ligands containing 
ionizable group as well as chelating group for the extraction of rare and valuable metal ion. In 
addition, utilizing the fact, we succeed to synthesize a series of C3-symmetric tris(3,5-dialkyl-2-
hydroxyphenyl)methane  platform (named as pseudocalix[3]arene).     
In Chapter 2, intramolecular synergism for group separative extraction of trivalent rare earth 
metal ions with calix[4]arene containing crossed type of functional group as phosphonic and 
carboxylic acids. This ligand exhibits an excellent extraction behavior for the group separative 
recovery of trivalent rare earth metal ions.  The Chapter 3, deals with the selective recovery of 
rare metal gallium by p-tert butylcalix[4]arene hydroxamic acid. The incorporation of highly 
chelating hydroxamic acid group in the lower rim makes cation exchanger ligands which 
selectively extracts gallium and indium ions from the mixture of divalent base metal ions as 
pollutant.  The Chapter 4 elucidates the synthetic procedure of novel tripodal ligand and its 
hydroxamic acid derivatives for the selective recovery of gallium ions. Chapter 5 discusses the 
selective removal of toxic lead ion by solid phase extraction with carboxylic acid derivative of 
C3-symmetric triphenoxy methane platform. 
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CHAPTER TWO 
 
Intramolecular synergism for group separative extraction of trivalent rare 
earths with crossed type calix[4]arene with dual bifunctionality of phosphonic 
and carboxylic acids 
 
2.1.   Introduction: 
Calixarenes, cavity shaped macrocyclic phenolic oligomers possess certain size of platforms for 
guests. They have also been modified to obtain various types of derivatives as ligands for metal 
ions. Several review articles have been published on these interesting ionophores [1-4]. They 
exhibit some advantages in large-scale preparation, various modifications, conformations, 
different rim sizes, and provide specific properties due to their cyclic rigid structures and 
multifunctionalities such as size discrimination effect, converging effect of multiple functional 
groups, complementary effect, and allosteric effect [5]. The complementary effect among such 
specific effects enhances binding constants with metal ions shown in our previous works such as 
the extraction of rare earth ion [6] and sodium ion [7] with tetraacetic acid derivatives, the 
extraction of rare earth ion with phosphonic acid derivatives [8,9]. It was supported by our 
another reports that calix[4]arene derivatives in cone conformation with two different functional 
groups such as two long chain carboxylic acid   two acetic acid exhibited extremely less 
extraction ability than that with the same four acetic acid functionality [10,11] and  that with two 
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acetic acids and two alkyl branches also exhibited less extraction ability than that with four 
acetic acids [12]. 
 In general, synergism is defined as two or more reagents working together to significantly 
enhance the effect compared with the summation of their individual ones and was proposed by 
Blake et al. [13] and was expansively explained by Irving et al. [14]. Irving et al. explained that 
the primary ion-exchangeable extraction reagent neutralizes the charge of metal ion and the 
second neutral reagent displaces with the residual water molecules, consequently extraction 
efficiency is enhanced. Many researches for synergism in solvent extraction have investigated 
and the reviews on extraction synergism have been reported [15-20]. Strzelbicki and Bartsch 
expansively prepared crownethers with ionizable arms [21-23] from a series of neutral 
macrocyclic polyethers with neutral ligating arms as lariat crowns proposed and prepared by 
Gokel et al. [24]. Then, Umetani et al. propound a new concept for  intramolecular synergistic 
extraction  with multifunctional ligands consisting of ion-exchangeable group and crown ether 
[25-28]. Since the calixarene compounds provide multiple functional groups, they are suitable as 
a framework for the intermolecular synergistic extraction. In fact, many works have been 
reported by employing bifunctional calixarene compounds [29-34] and a series of calixcrown 
compounds [35-41], although most of the formers were not referred to as such intermolecular 
synergism. In this way, calixarene derivatives are also promising compounds to exhibit such 
intermolecular synergistic effect due to their multiple functional groups. Homo-functional 
calixarenes provide strong affinity with a certain guest metal due to their complimentarily. Here, 
hetero-functional calixarenes with different ionizable groups also provide strong affinity with a 
certain group of metal ions such as rare earths. Although this concept is different from the 
conventional synergism, but just intermolecular synergism to keep identical selectivity based on 
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complimentarity of plural groups with the different selectivity. For example, 
tetrapropylenephosphonic acid type calix[4]arene exhibited small heavier rare earth selectivity, 
while tetracarboxylic acid type calix[4]arene exhibited light-middle rare earth one. Both 
extraction reagents also exhibited high efficiency to trivalent rare earth metal ions over other 
metal ions. Thus, it can be expected that calix[4]arene with such two functional groups exhibits 
groups separation efficiency of rare earths over other metal ions. 
 In the present work, we focus on the group separation for a series of rare earths and has 
prepared functional group crossed type of calix[4]arene, that is, propylenephosphonic acid - 
acetic acid crossed type of calix[4]arene to investigate extraction property of trivalent rare earths 
and other metals. 
2.1.   Experimental 
Reagents 
5,11,17,23-Tetrakis(1,1,3,3-tetramethylbutyl)calix[4]arene-25,26,27,28-tetol (1) was synthesized 
in a similar manner as previously described [6]. 25,27-Bis(ethoxycarbonylpropoxy)-26,28-
dihydroxy-5,11,17,23-tetrakis-(1,1,3,3-tetramethylbutyl)calix[4]arene (2) was synthesized from 
1 in a similar manner as previously reported [10]. The reactant, dibutyl 3-
bromopropylphosphonate (3) was prepared in a similar manner as previously reported [8]. The 
present extraction reagent has been prepared from 2 by diphosphonation with 3 at the rest 
phenolic oxygen atoms and final hydrolysis with base as shown in Scheme 2.1. The obtained 
compound was identified as a desired one in cone conformation by 1H-NMR and IR spectra, 
TLC, and elemental analysis. 
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Scheme 2.2:  Chemical structures
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temperature. The reaction was monitored by TLC, and upon completion, the solvent was 
removed in vacuo. 1-Butanol (20 cm3) was added to deactivate excess sodium hydride at an ice 
bath. Solvent and excess amount of 3 were removed in vacuo. The desired compound was 
extracted with chloroform from the residue and the organic solution was washed each twice with 
1 M (M = mol dm-3) hydrochloric acid and distilled water. After drying over anhydrous 
magnesium sulfate, the solution was filtered and the solvent was then removed in vacuo to obtain 
pale yellow viscous oily liquid. The obtained pale yellow viscous liquid contained 3, together 
with some impurities. TLC for main component (SiO2, chloroform : methanol = 20 : 1, Rf = 0.53) 
was performed. This crude compound was continuously hydrolyzed with base. 
 
25,27-Bis(ethoxycarbonylpropoxy)-26,28-bis[3-{ hydroxyl(butyl)phosphoryloxy}propoxy]-
5,11,17,23-tetrakis(1,1,3,3-tetramethyl)butyl)calix[4]arene (5) 
 
Under a nitrogen stream, the obtained crude compound 4 dissolved in 10 cm3 ethanol and 
potassium hydroxide (0.269 g, 4.81 mmol) dissolved in water (0.900 g, 50.0 mmol) was mixed 
and refluxed for 50 h. The reaction was monitored by TLC, and upon completion, the solvent 
was removed in vacuo. The desired compound was extracted with chloroform from the residue. 
The organic solution was washed with 1 M hydrochloric acid and distilled water each three times. 
After drying over anhydrous magnesium sulfate, the mixture was filtered and the solvent was 
again removed in vacuo. The desired compound was recrystallized from acetonitrile. White 
powder 0.175 g (yield 57.4 % from 3); TLC (SiO2, chloroform : methanol = 4 : 1, Rf = 0.00 - 
0.22); IR (KBr)  COO-H  2500-3300 cm-1 (br), P(=O)O-H 2690, 2250, 1650 cm-1 (br); 1H-NMR 
(300 MHz, CDCl3, TMS, 30 C)  0.64 (18H, s, 2(CH3)3), 0.72 (18H, s, 2(CH3)3), 0.95 (18H, t + s, 
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2P-O(CH2)3CH3 + 2(CH3)2), 1.20 (12H, s, 2(CH3)2), 1.40 (8H, m + s, 2P-O(CH2)2CH2 + 
2CH2C(CH3)3), 1.65 (8H, s + m, 2CH2C(CH3)3) + 2P-OCH2CH2), 1.88 (4H, m, 
2CH2CH2COOH), 2.29 (8H, t + m, 2CH2P + 2CH2CH2P), 2.67 (4H, t, 2CH2COOH ), 3.12 (4H, d, 
4exoCH2), 3.86 (8H, t + t, 4ArO-CH2), 4.06 (4H, t, 2POCH2), 4.30 (4H, d, 4endoCH2), 6.63 (4H, 
s, 2ArH(P)), 6.65 (4H, s(br), 2COOH + 2POOH), 6.85 (4H, s, 2ArH(C)). Found: C.70.70; H. 
9.53%, Calcd for C82H130O14P2: C, 70.26, H. 9.35%. 
The other chemicals were purchased and used without further purification. 
2.2.1.   Distribution study 
The extraction was performed in a similar manner as previously described [8,9]. An organic 
solution was prepared by diluting the extraction reagent 5 into analytical grade of chloroform to 
the concentration of 5 mM. The following three kinds of aqueous solutions, each of which 
contained three kinds of rare earth ions, were prepared by dissolving analytical grade of rare 
earth nitrates into 0.1 M hydrochloric acid or 0.1 M HEPES (2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid) aqueous solutions to adjust the concentrations of 0.1 mM. The 
first solution contained La, Pr, and Nd, the second was Sm, Eu, and Gd, and the last was Ho, Er 
and Y. The initial pH was adjusted by arbitrarily mixing of the above two stock solutions. Equal 
volumes of both phases were mixed and shaken vigorously at 303 K for more than 3 h. The 
metal concentrations and pH values of the aqueous solutions before and after the equilibration 
were measured by ICP-AES (Shimadzu ICPS-8100) and pH meter (TOA-DKK HM-30R), 
respectively. The amount of the extracted metal ion was calculated from the differences between 
the metal concentration in the aqueous phase before and after the equilibration. 
When using the continuous variation method (Job s method), the total concentration of 
europium ion and the extraction reagent 5 was maintained at 1 mM. For the loading test, the 
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All plots shown in Figure.2.2  is equivalent to 
the charge of rare earth metals. The result indicated that all trivalent metal ions were ion-
exchanged with the three protons from the extraction reagent 5, although the extraction took 
place in such a low pH region. The selectivity order of 5 was almost heavier to lighter rare earths, 
which corresponded to the selectivity of conventional organophosphorus acid extractants, not to 
carboxylic type extractants. Then, the pH dependence of divalent rare earths with 5 was 
investigated. The effect of equilibrium pH on distribution ratio, D of divalent metal ions with 5 is 
shown in Figure 2.3, together with data for erbium and lanthanum ion so that extraction region 
for all nine rare earths was included. All plots shown in Figure 2.3
a slope of 2, which is also equivalent to the charge of divalent metals. The reagent 5 can be 
employed not only for the mutual separation of divalent metals, but also for group separation of a 
series of rare earth ions over other divalent metal ions, because the extraction region of divalent 
metal ions is sufficiently higher than that of rare earths. The selectivity order of 5 was rare earths 
> Pb > Zn > Cu > Ni. The metal selectivity for general carboxylic acid type extraction reagents is 
Pb(II) > Cu(II) > Zn(II) > rare earths(III) > Ni(II), while it for general phosphonic acid types 
extraction reagents is rare earths(III) > Zn(II) > Pb(II) > Cu(II) > Ni(II). Thus, the selectivity of 5 
was attributed to phosphonic acid functionality for rare earths (III) and Zn(II) and to carboxylic 
acid for Pb(II) and Cu(II). 
 
 
 
Anup Basnet Chetry                 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Effect of equilibrium
of Er and La were excerpted fro
each in 0.1 M HNO3   0.1 M HE
 
In order to confirm stoichiomet
Typical result for the loading te
concentration of 5 to the loaded
concentration. This result reveale
Since spacers of both functiona
atoms for uptake of rare earth io
to saturate the coordination nu
phosphonic acid groups are pref
acid ones by ion-exchange, th
                                       Saga Unive
 pH on the distribution ratio of divalent metal io
m Figure 2.2) [5] = 5 mM in chloroform, [meta
PES, shaking time = 6 h, 303 K. 
ry of rare earth metal ion and 5, loading test 
st of Eu(III) on 5 is shown in Figure 2.4. Th
 europium ion came close to 2 with increasin
d that the stoichiometry of rare earth metal ion
l groups are too long to form chelates with 
n, two pairs of different functional groups may 
mber of rare earth ion by 1 : 1 stoichiometr
erable to make complex with rare earths rather
e coordination number are still unsaturated
rsity 2014 
ns with 5. (Data 
l ion] = 0.1 mM 
was carried out. 
e ratio of initial 
g europium ion 
 and 5 was 1 : 2. 
phenoxy oxygen 
not be sufficient 
y. Although the 
 than carboxylic 
 even by four 
Anup Basnet Chetry                                                                            Saga University 2014 
 
phosphonic acid groups under 1 : 2 stoichiometry. It means that carboxylic acid groups related to 
coordination for the unsaturated sites by neutral carbonyl oxygen atoms. 
 
 
Figure 2.4: Loading test of Eu(III) on 5. [5]initial = 5 mM, initial pH = 2.63 (0.1 M HNO3   0.1 M 
HEPES), shaking time = 6 h, 303 K. 
 
For further confirmation of the stoichiometry, continuous variation method was carried out. 
Typical result for the continuous variation methods is shown in Figure 2.5 as Job s plots for 
europium ion. The extracted metal concentration in organic phase became maximum at the mole 
fraction ratio between 0.6 - 0.7. The result supports the stoichiometry of 1 : 2. The three ion-
exchangeable groups among each four phosphonic and carboxylic acid groups seem to extract 
rare earth ion by releasing three protons. 
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Figure 2.5: Job s plots for Eu(III) with 5. [5]initial + [Eu3+]initial = 1 mM, initial pH =2.63 (0.1 M 
HNO3   0.1 M HEPES), shaking time = 6 h, 303 K. 
 
The proposed extraction reaction is represented by Eq. (2), 
 KexRE3+ +2H4L RE (H2L)(H3L) + 3H+
 (2),
 
 
where RE and H4L represent rare earth metal and the extraction reagent 5, and Kex is extraction 
equilibrium constant and is represented as Eq. (3), 
 Kex =
[RE (H2L)(H3L)][H+]3
[RE3+][H4L]2
   (3), 
where since distribution ratio of rare earth ion was defined in Eq. (1), Eq. (3) is rewritten by Eq. 
(4), 
 Kex = D
[H+]3
[H4L]2
   (4), 
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After taking logarithm, Eq. (4) is further written as Eq. (5), 
 logD= 3pH+2log[H4L]+logKex (5). 
Here the initial concentration of 5 is extremely higher than the initial metal concentration, the 
difference in the extractant concentration before and after the extraction equilibrium is negligible. 
Consequently, the latter two terms in Eq. (5) become constant and the value of log D is 
proportional to the pH values. The result shown in Figure 2.2 compatibly supports Eq. (5), 
because the plots of log D vs. pH lay on the straight lines with slopes of 3. Although the 
stoichiometric data for divalent metal ions were not obtained, since the plots of log D vs. pH lay 
on the straight lines with slopes of 2, the extraction also took place by simple ion-exchange 
mechanism. 
 
2.3.3.   Complementarity of dual bifunctionality of phosphonic and carboxylic acids 
In order to estimate the extraction ability and separation efficiency of 5 for rare earths, half pH 
values, pH1/2, the difference in half pH values, - pH1/2 from the value of the heavier to lighter 
metal, and the extraction equilibrium constants, Kex, and separation factors,  for the extraction 
of rare earths with 5 were estimated. The values are listed in Table 1. The half pH value, pH1/2 is 
are extracted under the present experimental 
condition (or the pH at which the equilibrium concentration of metal are equal in the organic and 
aqueous phase). The difference in half pH values, - pH1/2 is calculated from the difference in the 
pH1/2 values between heavier and lighter metal ions (the negative pH1/2 value means that the 
heavier metal ion is more easily extracted compared to the lighter metal ion). The separation 
factor, 
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extraction ability appear upside down. The x-axis shows sequence of rare earths from lighter to 
heavier ones. As expected, the plots for the present extraction reagent 5 lay between those of the 
tetraphosphonic acid 6 and the tetracarboxylic acid 7, because 5 contains two different functional 
groups, phosphonic acid and carboxylic acid groups. That is, the extraction ability of 5 is weaker 
than that of 6 and is stronger than that of 7. Although the rare earth selectivity of 5 is for heavier 
ones, the slope of the plots is almost flat rather than very gentle. It means that the separation 
efficiency of 5 is very poor. As described above, a single molecule of calix[4]arene derivative 5 
cannot saturate the coordination number of rare earth ion. The phosphonic acid functionality 
exhibits higher affinity than carboxylic acid one with heavier rare earth selectivity. Although the 
actual coordination number of rare earth ions was not clarified in this work, it was easily 
proposed that three of the functional groups were for ion-exchange and the others for the 
coordination. That is, three phosphonic acid groups among four ones as 1 : 2 stoichiometry were 
used for ion-exchange and some of the rest phosphonic acid group and four carboxylic acid 
groups were for coordination. It was the reason why the extraction ability of 5 was closer to that 
of 6 than that of 7. Here the four carboxylic acid groups acted for the coordination with carbonyl 
oxygen atoms. It is also notable that both of the extraction reagents 5 and 6 with longer spacers, 
which cannot form chelation, exhibited extremely high extraction ability compared with 7 with 
shorter spacers for chelation. It is attributed to the complementarity of the plural functional 
groups with the same spacer length. 
 
 
 
 
Anup Basnet Chetry                 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 2.6: Relationship betwee
trivalent rare earth metals, r-1. 
derivative (6), open square: tetraa
The same concept can be exten
shown in Figure 2.7. That is, 
abilities of 6 and 7, although it w
primary to ion-exchange. (Strict
acid, but tetrabutylic acid, so that
was weakly interacted with the
phosphonic acid groups. This dis
change of divalent metals shown
                                       Saga Unive
n pH1/2 values and the reciprocal number o
Closed triangle: 5, open circle: tetrapropylene
cetic acid dervative of calix[4]arene (7). 
ded to the complementarity by the different f
the extraction ability of 5 was evaluated by 
as closer to that of 6, because the phosphonic 
ly speaking, the tetracarboxylic acid 7 should b
 the space lengths were same.) The uptake of he
 carboxylic acid groups, seems to be compe
cussion was also strongly supported by the res
 in Figure 2.3. Since the extraction reagent 5 
rsity 2014 
f ionic radii for 
phosphonic acid 
unctional groups 
mean extraction 
acid groups were 
e not tetraacetic 
avier ion, which 
nsated with the 
ult for selectivity 
provided hetero-
Anup Basnet Chetry                 
 
bifunctionality, the metal selectiv
7, and total separation efficienc
functional groups, e.g. the lead se
For this reason, the intermolecu
the separation efficiency, but do 
the extraction ability constant,
bifunctionality of phosphonic a
provided the possibility for group
 
                               
Figure 2.7: Different tendency fo
7: bold line. 
 
 
                                       Saga Unive
ity was changed from those for the homo-mono
y was suppressed due to the complementarity
lectivity of 5 was remarkably suppressed comp
lar synergism with the different functionality m
the complementarity by the different functiona
 consequently although the extraction reage
nd carboxylic acids exhibited poor selectivity
 separation of rare earths over other metal ions
 
r the extraction of rare earths with 5: broken li
rsity 2014 
functional 6 and 
 by the different 
ared with 7 [42]. 
ay not enhance 
lities to maintain 
nt 5 with dual 
 to rare earth, it 
. 
ne, 6: plain line, 
Anup Basnet Chetry                                                                            Saga University 2014 
 
2.3.4.   Stripping test 
In hydrometallurgical process, stripping is also important for recovery of the desired metal ions 
and regeneration of the extraction reagent. Since 5 exhibited similar extractability to all rare 
earths investigated, there is an advantage to simultaneously strip all of them by a single treatment. 
Effect of hydrochloric acid concentration on percentage stripping of rare earth metal ions loaded 
on 5 was shown in Figure 2.8. Three metals La, Sm and Ho were selected as representatives of 
light, middle and heavy rare earths. The extraction ability of 5 was significantly high and 0.1 M 
hydrochloric acid was not sufficient to completely strip the loaded rare earths, while 0.5 M was 
effective to back extract them. However, higher concentration of hydrochloric acid caused the 
low stripping efficiency. The same result was observed in the previous work on the stripping of 
the loaded rare earths on tetracarboxylic acid derivative 7 [6]. It was also attributed to the 
different extraction mechanism, that is, not the ion-exchange with phosphonic acid group but the 
coordination with phosphoryl oxygen atoms, related to hold the loaded ion, because the chloride 
concentration was very high to act as a counter anion. 
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Figure 2.8: Effect of hydrochloric acid concentration on percentage stripping of rare earth metal 
ions loaded on the extraction reagent 5. 
2.4.   Conclusions 
 A bifunctional - crossed type of calix[4]arene in cone conformation has been prepared to 
investigate extraction behavior of trivalent rare earths. Two different functionalities of 
phosphonic acid and carboxylic acid complementarily worked for the uptake of rare earths, 
although consequently the mutual separation for rare earths became poor, the extraction ability to 
all rare earths with the present extraction reagent was kept constant and group separation of them 
over other metal ions can be achieved. Such complementarity based on interaction with plural 
different functional groups will provide intermolecular synergism to stabilize the affinity of guest 
with host. 
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CHAPTER THREE 
 
p-t-Butylcalix[4]arene tetrahydroxamic acid: a highly efficient solvent 
extraction reagent for extraction of Ga(III) 
 
3.1.   Introduction: 
Gallium and indium have been emerged as important strategic metals as they are vital for the 
electronic industry. Gallium is essential as doping material for semiconductors and has been used 
to produce solid-state items like (a) transistors, (b) gallium arsenide laser diodes in electronic 
industry, (c) an alloying component to substitute mercury, etc. On the other hand, indium and its 
compounds are used in (a) electronic device as indium-phosphide semiconductors and indium-
solar batteries, (b) semiconductors, (c) low melting alloys and corrosion resistant coating, etc. 
Indium metal is also used in control rods in the field of nuclear energy. Consequently, the 
demands of gallium and indium have been increased significantly in recent years. Unfortunately, 
these metals hardly form mineral compounds by themselves and are mainly found as minor 
components in the ores of other metals. One potential source for the two metals is zinc refinery 
residue in which both metals are contained as the minor components [1]. Due to the various 
applications of these metals, it is necessary to develop selective separation reagents and methods 
for the effective recovery of these elements from coexisting metals.   
Solvent extraction is one of the widely applicable methods for recovery of gallium and 
indium from zinc refinery residues. Both of Ga(III) and In(III) are typical metal ions which have 
strong tendency to be extracted with chelating reagents coordinating through oxygen, nitrogen 
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and phosphorous donor atoms. Among the various systems, the most often used are 
phosphorous-based extractants and resins [2-5], Methyl isobutyl ketone (MIBK) [6], carboxylic 
acids [7,8], amines [9-11], quinolines [12] and -diketones [13] have also been applied for this 
goal. In addition to these compounds, hydroxamic acids [14], on the other hand, are versatile 
extractants which have achieved significant importance as analytical tools for the separation and 
quantitative determination of large number of metal ions [15,16].  
Calixarene derivatives, which are synthesized easily from p-substituted phenol and 
formaldehyde [17] and functionalized in various ways [18], have been noted as useful extractant 
for variety of metal ions [17-22]. Suitably functionalized, these compounds can recognize a 
target metal ion due to the effect of the cavity size of the cyclic molecule together with the 
chelating and converging effect of the functional groups [17,18]. Therefore, functionalized 
calixarenes are the most promising candidates as solvent extraction reagents that are highly 
selective and efficient towards the target species. In our earlier reports, the solvent extraction 
behavior of calix[4] , [5] and [6]arene derivatives containing carboxylic acid groups were 
described [23,24]. These ligands selectively and very effectively extracted the trivalent metal 
cations over divalent cations as a function of pH. However, separation of Ga(III) and In(III) over 
Fe(III) as well as mutual separation of Ga(III) and In(III) with calixarene carboxylic acid ligands 
as a function of pH led to a problem that these ligands exhibited very little discrimination 
behavior towards Ga(III) and In(III). In 1979, Agarwal gave a generalization that the stability 
constants of the metal complexes of hydroxamic acids increased with increasing ionic potential 
[25]. In accordance to this generalization, Even et al. found that the formation constant of 
negative oxygen donors of hydroxamate with Ga(III) was higher than that with In(III) [26]. 
Alakhras et al. later found that the metal uptake capacity of hydroxamic acid functionalized 
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sorbents increased with decreasing ionic radii of the trivalent rare earth cations [27]. In our 
preliminary investigations, a very simple screening of extraction percentages of hydroxamic acid 
ligands towards a series of cations at pH of 2.5 and 4.4 was conducted. The hydroxamate 
derivatives of calix[4]- and [6]arenes were more effective for extraction of some trivalent cations 
over divalent cations. However, the extraction stoichiometry and metal selectivity for 
hydroxamate derivative of calix[4]arene with high Ga(III) selectivity were not investigated in 
detail [28].  
In the present study, we prepared a tetrahydroxamic acid derivative of p-tert-
butylcalix[4]arene 4 (Scheme 3.1) and have explored the solvent extraction behavior of this 
ligand towards some trivalent and divalent cations. With the presence of chelating hydroxamic 
acid group, ligand show tremendous ability to discriminate Ga(III) over other base metal ions. 
The chelate forming ability of hydroxamic acids ligands coupled with the cyclic arrangement of 
the chelating group on a rigid platform of calixarene providing a perfect chelation with Ga(III). 
The selectivity behavior of the ligand towards Ga(III) and In(III) over Fe(III) and some other 
base metal cations was investigated. Extraction stoichiometries of the selectivity extracted 
Ga(III) and In(III) were determined by slope analysis, continuous variation method, and loading 
test. The coordination site of the ligand for both metals was qualitatively determined by IR 
spectra before and after metal loading. The stripping test of the loaded-Ga(III) was also 
investigated. 
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3.2.   Experimental: 
3.2.1.    Instrumentation 
1H NMR spectra were recorded by a nuclear magnetic resonance spectrophotometer (NMR, Jeol 
JNM-AL300) in deuterated solvent(s) with TMS as an internal standard. FT IR spectra were 
recorded by a fourier transform infrared spectrophotometer (FT IR, JASCO FT IR 410) by KBr 
pellet method. Metal ion concentration of aqueous solutions was measured by inductively 
coupled plasma atomic emission spectrophotometer (ICP-AES, Shimadzu ICPS-8100). The pH 
of the solution was measured by a pH meter (TOA DKK HM-30R). 
3.2.2.    Reagents and materials 
All reagents were of reagent grade and used without further purification unless mentioned 
otherwise. Generally, solvents were dried by storing them over Linde type 3A or 4A molecular 
sieves. Analytical grade of metal nitrates salts purchased from Wako chemical company, Japan 
were used to prepare the stock solutions (10 mM) in 0.1 M HNO3, and the stock solutions were 
then diluted to the desired concentration either with 0.1 M HNO3 or with 0.1 M HEPES buffer.  
3.2.3.    Synthesis 
Synthesis of 1 [29], 2 [30]  and 3 [24] are described. Compound 4 is also a known compound 
which was obtained by slight modification [28] of the procedure described by Nagasaki and 
Shinkai [31] as illustrated in Scheme 3.1. 
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Scheme 3.1:   Synthesis and structure of the extractants employed in the present study. 
25,26,27,28-Tetrakis(ethoxycarbonylmethoxy)-5,11,17,23-tetrakis(1,1-dimethylethyl) 
calix[4]arene (2) 
White solid obtained in 75 % yield from 1. 1H NMR (300 MHz, CDCl3, TMS)  1.22 (s, 36H, 
tBu), 1.38 (t, J = 9.0 Hz, 12H, COOCH2CH3), 3.41 (d, J = 9.0  Hz, 4H, ArCH2Ar, exo), 4.20 (d, J 
= 9.0 Hz, 4H, ArCH2Ar, endo), 4.37 (q, J = 7.5 Hz, 8H, COOCH2CH3), 4.45 (s, 8H, ArOCH2), 
7.11 (s, 8H, ArH). 
25,26,27,28-Tetrakis(carboxymethoxy)-5,11,17,23-tetrakis(1,1-dimethylethyl)calix[4]arene (3) 
White solid obtained in near quantitative yield from 2. 1NMR (300 MHz, CDCl3, TMS)  1.07 (s, 
36H, tBu), 3.41 (d, J = 15.6 Hz, 4H, ArCH2Ar, exo), 4.18 (bs, 8H, ArOCH2), 4.49 (d, J = 15.9 Hz, 
4H, ArCH2Ar, endo), 6.94 (s, 8H, ArH).  
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25,26,27,28-Tetrakis(N-hydroxycarbamoylmethoxyy)-5,11,17,23-tetrakis(1,1-
dimethylethyl)calix[4]arene (4) 
Under a N2 atmosphere, a mixture of 3 (4.00 g, 4.54 mmol) and 100 cm3 dry toluene was stirred 
for some time under ice cold condition. To this, thionyl chloride (4.32 g, 36.40 mmol, 8.00eq) 
was added dropwise over the period of 30 min. The mixture was stirred at ice cold condition for 
additional 15 min, then allowed to come to room temperature and then heated at refluxing 
condition for 4 h. The solvent as well as the unreacted thionyl chloride was removed by 
evaporation and the resulting residue was dissolved in 100 cm3 dry THF. Evaporation of the 
solvent as well as any residual thionyl chloride in vacuo afforded the corresponding acid chloride 
in quantitative yield. The obtained acid chloride intermediate was subjected to the next step 
reaction without further purification. In a typical run, 1.05 g (15.0 mmol, 6.60eq) hydroxylamine 
hydrochloride and 2.52 g (30.0 mmol, 13.2eq) sodium bicarbonate were added to the solution of 
2.00 g (2.27 mmol) acid chloride in 30 cm3 dry THF under nitrogen atmosphere and ice cold 
condition. The mixture was stirred at ice cold condition for 15 min and then allowed to come to 
the room temperature. Then, the mixture was heated at refluxing condition for 20 h. Removal of 
the solvent by rotary evaporation yielded a residue to which water was added and the solid was 
collected by filtration. The obtained off white solid was washed with water several times. After 
drying, the solid was dissolved in excess of THF and filtered. Removal of the solvent from the 
filtrate followed by vacuum drying afforded the desired product (1.400 g, 71.00% yield). 1NMR 
(300 MHz, DMSO-d6, TMS) .1.06 (s, 36H, tBu), 3.18 (d, J = 12.6 Hz, 4H, ArCH2Ar, exo), 3.36 
(s, 8H, ArOCH2), 4.78 (d, J = 12.6 Hz, ArCH2Ar, endo), 6.92 (s, 8H, ArH). 
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3.2.4.    The extraction experiments 
3.2.4.1.   General extraction 
The percentage extraction of metal ions at different pH values was determined by the 
conventional batch wise method. An organic solution was prepared by diluting the extractant into 
analytical grade chloroform to the desired concentration. The metal ion solutions prepared 
separately in 0.1 M HNO3 and 0.1 M HEPES buffer were arbitrarily mixed to adjust the pH. 
Equal volumes of aqueous and organic solutions were mixed and the mixture was shaken for a 
definite time in a thermostatic air bath incubator maintained at 303 K. After phase separation, the 
equilibrium pH and the metal concentrations of metal ions in the aqueous phase were measured 
by pH meter and ICP-AES. From the measured initial and equilibrium concentrations of metal 
ions, the percentage of each metal ion extracted in organic phase was calculated from eq. (1), 
           .. (1)    
where Ci and Ce are the initial and the equilibrium concentration of metal ion in aqueous solution, 
respectively. 
3.2.4.2.    Log-log plot analysis 
The pH dependency of the distribution ratios of Ga(III) and In(III) between the two phases was 
examined by  slope analysis . The experiments were conducted in the pH range at which a steep 
rise in percentage extraction was observed in pH dependency test. After shaking the biphasic 
mixture (1:1; v/v) for a definite time followed by phase separation, residual concentration of the 
.100%  -=
i
ei
C
CCE
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metal ions in the aqueous phase was measured and the distribution ratio of metal ions between 
the two phases was calculated from eq. (2), 
.              . (2).      
3.2.4.3.    Job s plot analysis 
Job s plot analysis for the determination of complexation stoichiometry was carried out by the 
continuous variation method. Nine different solutions of 4 ranging from 0.1 to 0.9 mM 
concentration were prepared by diluting the stock solution (1.0 mM) with chloroform. Aqueous 
solutions of Ga(III) and In(III) were prepared similarly by diluting the stock solution. The stock 
solution of Ga(III) was prepared at pH 3.00 and that of In(III) was prepared at pH 3.20 and were 
diluted with blank solution having the same pH adjusted by arbitrarily mixing 0.1 M HNO3 and 
0.1 M HEPES buffer solutions. Equal volumes of the aqueous and the organic phases were 
mixed so that the total concentration was 1.0 mM. The biphasic mixtures were then shaken for 
certain time. After phase separation, the metal concentration was measured by ICP-AES. The 
results obtained were plotted as the amount of a metal species extracted in organic phase against 
the mole fractions of the extractant. 
3.2.4.4.    Loading test 
The loaded metal amounts on the ligand 4 for Ga(III) and In(III) were determined by the 
following procedure: 3 cm3 of the organic phase (5.0 mM) was mixed with 3 cm3  solutions of an 
aqueous phase containing increasing amounts of M(III) ions (0.5 to 7.0 mM) and the biphasic 
mixtures were shaken for 10 h. After phase separation, the residual concentration of M(III) in the 
aqueous phase was measured by ICP-AES. The obtained results were plotted as the ratio of 
e
ei
C
CCD -=
Anup Basnet Chetry                                                                            Saga University 2014 
 
initial extractant concentration to the extracted metal concentration in organic phase against the 
increasing initial concentration of M(III) in the aqueous phase. 
3.2.4.5.    FT- IR experiments 
The 4 Ga(III) and 4 In(III) complexes for FT IR spectra analysis were obtained by equilibrating 
equal volumes of equimolar solutions of the ligand and the metal nitrate at pH 3.00 in the case of 
Ga(III) complex and 3.20 in the case of In(III) complex. After phase separation, the organic 
phase was dried and FT IR experiments were conducted by KBr pellet method for the complexes 
as well as the free acid ligand 4. 
3.2.4.6.    Stripping test 
Stripping test of the loaded Ga(III) was carried out by shaking the organic phase containing 
Ga(III) loaded extractant with HCl and HNO3 solutions of various concentration. The pH of the 
aqueous solution in forward extraction prior to back extraction was adjusted to 3.00 so that 
quantitative extraction of metal ions in organic phase was achieved. For loading of Ga(III), 50 
cm3 of 5 mM extractant solution in chloroform was equilibrated with the same volume of 0.1 
mM Ga(III) solution. Five cubic centimeters of the separated organic solution were then shaken 
with the same volumes of hydrochloric and nitric acid of different concentration for 4 h in order 
to strip the loaded metal ion. The concentration of metal ion in initial aqueous solution, the 
raffinates and the stripped solutions were measured as mentioned above and stripped percentage 
of metal was calculated from the differences. 
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3.3.   Results and discussion 
3.3.1.    Ligand synthesis 
The compound p-tert-butylcalix[4]arene 1 was synthesized by adopting the procedure available 
elsewhere in the literature [29]. Chemical modification of 1 with hydroxylamine functional 
groups was accomplished by following the reaction sequence shown in Scheme 3.1 [28]. 
Reaction of 1 with ethyl bromoacetate in presence of a base [30] in a manner similar to 
Williamson s ether synthesis afforded an ester 2 in good yield. Alkaline hydrolysis of 2 followed 
by acidification [24] gave an acid 3 in near quantitative yield. Treatment of 3 with thionyl 
chloride yielded an acid chloride in quantitative yield, which was then reacted with 
hydroxylamine hydrochloride in presence of a base to get the desired compound in a good yield 
[28]. Purity of the synthesized compounds was ascertained by means of TLC, IR and 1H NMR 
spectra. 
3.3.2.    Extraction selectivity 
Effects of pH on percentage extraction of metal ions with the ligands 4 and 3 in the competitive 
system are shown in Figures 3.1(a) and (b), respectively. These cations were chosen as the most 
common coexisting ions as by-product of primary metal refining from which Ga(III) and In(III) 
are usually recovered. The extraction selectivity of metal ions as a function of pH for the ligand 4 
followed the order Ga(III) > In(III) > Fe(III) > Cu(II) >>Zn(III), Ni(II). It is worth mentioning 
that ligand 4 exhibited apparent Ga(III) selectivity over In(III) compared with ligand 3. 
Extraction of Fe(III) at low pH region was strange (it seemed to take place not by simple 
exchange but by specifically interaction with oxygen atoms of calixarene). The results indicated 
that the ligand 4 is a promising ion receptor for effective separation of Ga(III) and In(III) from 
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the highly interfering cation Fe(III) and some other common base metals such as Cu(II) and 
Zn(II). It further indicated that this ligand is also effective in achieving mutual separation of 
Ga(III) and In(III) by properly adjusting the pH of the extraction system. 
The formation constants of negative oxygen donors of hydroxamate with some metal ions were 
found to follow the order: Fe(III) > Ga(III) > In(III) > Cu(II) > Ni(II) > Zn(II) [26]. Preferred 
selectivity and extractability exhibited by the ligand 4 towards Ga(III) over In(III), Cu(II) and 
Zn(II) were in accordance to the stability constants of hydroxamic acid metal complexes. 
Significant Ga(III) selectivity over In(III) was also observed in the case of sorption of Ga(III) 
and In(III) on chelating resin with hydroxamate groups [31]. Our earlier results indicated that 
extraction of theses trivalent cations with calix[n]arene carboxylic acids took place mainly due to 
the effect of functional groups appended on calix[4]arene platform rather than the macrocyclic 
effect, and the calix[n]arene carboxylic acids were more selective towards Fe(III) over In(III) 
and Ga(III) [24]. While the carboxylate ligands were more selective towards Fe(III), a 
hexadentate triazamacrocyclic ligand 1,4,7-triazacyclonane-N,N ,N  -triacetic acid (NOTA), 
which provides adequate coordination site for Ga(III) and nitrogen donor atoms with hard-
borderline nature (relatively soft compared with oxygen atoms) based on HSAB theory, 
exhibited higher stability constant towards Ga(III)over Fe(III) and In(III) [32]. Due to such 
nature of the ligating atom, hydroxamic acid may exhibit the Ga(III) selectivity over other ions. 
Calix[4]arene hydroxamic acid 4 can provide relatively narrow coordination site compared with 
the acetic acid derivatives 3. That is, oxygen atoms of hydroxamic acid are located at farther 
position compared with those of carboxylic acid, consequently the coordination site of 
hydroxamic acid derivative becomes narrower than that of carboxylic acid one, because the 
calixarene has cone shaped bottom. The high selectivity for Ga(III) is attributed to such size-
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fitting effect together with the effect of hydroxamic acid functionality. The results qualitatively 
corresponded with the extraction behavior of p-tert-octylcalix[4]arene tetrahydroxamic acid 
towards some trivalent cations [28] 
 
Figure 3.1:  Effect of pH on percentage extraction of different metal ions with (a) 4 and (b) 3 in a 
competitive system. [Extractant] = 5 mM, [Metal ion] = 0.1 mM each, shaking time = 12 h at 
303 K, phase ratio = 1 (v/v), pH adjusted by 0.1 M HNO3 and 0.1 M HEPES buffer 
The remarkable Ga(III) selectivity exhibited by the ligand 4 at pH around 2.00 - 2.50 is 
worth considering and these results were compared with the extraction results of  tetracarboxylic 
acid ligand 3 towards Fe(III), Ga(III) and In(III) shown in (Figure 3.1b) [24]. The ligand 3 
exhibited metal selectivity in the order Fe(III) > In(III) > Ga(III) > Zn(II) with very little 
discrimination. The pKa of phenoxyacetic acid in water is 3.12 [33], and this pH dependence of 
extraction in the case of carboxylic acid ligand 3 is apparently correlated with the dissociation of 
the carboxyl groups. Since the carboxylic acid groups in 3, arranged on the lower rim of the 
calix[4]arene ring, would form intramolecular hydrogen bonds resulting to lowering down the 
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pKa of acetic acid groups of 3 [33], this pH shift in the extraction profile by 0.5 to 1.0 pH unit is 
partly attributed to the effect of formation of hydrogen bond and partly to the cooperating effect 
of carboxyl groups facilitating the uptake of metal ion by providing proper coordination. As in 
the case of 3, the possibility of intramolecular hydrogen bonding in 4 would also lower down the 
pKa of hydroxamic acid groups drastically [33]. The pKa values for hydroxamic acids are 8-9, 
but the percentage extraction of these cations with 4 appears to fall in an unusually low pH 
region. The pH drop in the extraction of Ga(III) and In(III) with 4 was 6 to 7 pH units, which is 
very much significant than in the case of extraction of these cations with 3. It has been revealed 
by spectrophotometric studies that in the binding of Ga(III) and In(III) with hydroxamic acids 
only the chelate ML forms, and the concentration of the undissociated species, MHL, is 
negligible [34]. Thus, it is not unreasonable to argue that interaction of Ga(III) and In(III) cations 
with hydroxamic acid ligand 4 is very special and facilitated the dissociation of the ligand in 
fairly acidic region than it would be expected from the pKa value of the ligand. The chelate 
forming ability of hydroxamate group was certainly advantageous for this. 
3.3.3.    pH dependency 
Slope analysis of log-log plot is one of the powerful methods to investigate the distribution and 
extraction equilibria existing in solvent extraction systems and also to access the stoichiometry 
of the extracted complex in the organic phase. When hydrolysis of the cation in the aqueous 
phase is negligible and metal extraction takes place by ion-exchange mechanism, the metal 
distribution into the organic phase increases with increasing pH of the aqueous phase. Under 
such conditions, the slope of the line in the plot of logD against pH indicates the number of 
protons released into the aqueous solution by ion exchange with the extracted cation. In the logD 
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vs pH plot for the extraction of Ga(III) and In(III) with 4, the values of logD increased with the 
increase of solution pH and lied on the straight lines with a slope of  three (Figure 3.2). The 
results suggested that the extraction of these trivalent cations proceeded simply via a proton-
exchange reaction and there occurs the release of three protons per metal ion in the formation of 
the extracting species. Liberation of equivalent number of protons in pH region much lower than 
the pKa value of hydroxamic acid was also observed by Shinkai et al. in the case of extraction of 
uranyl cation with calix[6]arene hydroxamic acid ligand [33]. 
      
                                          
Figure 3.2: Effect of pH on the distribution ratio of Ga(III) and In(III) extraction with 4. [M(III)] 
= 0.1 mM, [4] = 5 mM, shaking time = 12 h at 303 K, phase ratio = 1(v/v), pH adjusted by 0.1 M 
HNO3 and 0.1 M HEPES buffer 
3.3.4.    Job s method 
The complexation stoichiometry for binding of Ga(III) and In(III) with 4 was investigated by 
using the continuous variation method keeping the sum of the concentration of the ligand as the 
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host and the metal as the guest species invariant at 1 mM. Typical Job s plots for the extraction 
of Ga(III) and In(III) with 4 are shown in Figure 3.3 a and b, respectively. In both cases, the 
concentration of the extracted species in the organic phase approached maximum when the mole 
fractions of the extractant was approximately 0.5. This suggested that the metal and the ligand 
formed a 1:1 complex. Though the formation of discrete 1:2 host-guest complexes [35] or 
multinuclear species [24] were reported in some cases, formation of 1:1 host-guest complexes 
was most frequently observed in the case of cation complexation with calix[4]arene-based ion 
receptors. As the extraction of non-hydrolyzed species of one trivalent metal ion requires the 
release of three protons and one molecule of 4 can release maximum four protons, formation of 
1:1 complexes in the present case was quite reasonable. 
            (a)                                                                          (b) 
Figure 3.3: Typical Job s plot for extraction of (a) Ga(III) and (b) In(III) with 4 at invariant total 
concentration of 1 mM.  Initial pH = 3.0 for Ga(III) and 3.2 for In(III). pH adjusted by 0.1 M 
HNO3 and 0.1 M HEPES buffer. 
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3.3.5.    Loading test 
The observed 1:1 host-guest stoichiometry in the extraction of Ga(III) and In(III) with 4 was 
further supported by the results of loading test. Loading test is a ligand saturation test in which a 
known concentration of the ligand is equilibrated with aqueous solutions of increasing initial 
metal concentration. The results are shown in Figures 3.4 (a) and (b) as a plot of the ratio of 
initial extractant concentration to the loaded metal ion concentration against increasing initial 
concentration of metal ion. As shown in Figure 3.4 (a), the ratio of initial concentration of the 
extractant to the loaded Ga(III) concentration gradually dropped with increasing concentration of 
the Ga(III) in aqueous phase and approached a plateau to be 1 at higher Ga(III) concentration. 
This meant the ratio of initial concentration of the extractant to the loaded Ga(III) was 1:1, which 
supported the formation of 1:1 metal: ligand complexes as obtained from the results of Job s plot. 
Similar results were obtained in the case of loading test of In(III) (Figure 3.4 (b) reconfirming 
the formation of 1:1 metal : ligand complexes as obtained  from the results of Job s plot analysis.
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Figure 3.4: Loading test of (a) Ga(III) and (b) In(III) on extractant 4. [4] = 5.0 mM, shaking time 
= 12 h, initial pH = 3.0 for Ga(III) and 3.2 for In(III), pH adjusted by 0.1 M HNO3 and 0.1 M 
HEPES buffer. 
3.3.6.    Extraction reactions and composition of the extracted complexes 
Having known that the trivalent cations form the 1:1 host-guest complexes with the ion-
exchangable ligand 4 and the electroneutrality of the complex in the organic phase was 
maintained by the release of equivalent number of protons into the aqueous solution, the 
extraction equilibrium reaction for the extraction of a Ga(III) and In(III) ions with the acid ligand 
4 (designated as H4R) is expressed by eq.(3), 
aqorg IIIMRH )()(4 + ++ )()( 3][ aqorg HMHR ,       .(3) 
where M(III) represents Ga(III) and In(III) and H4R represents the ligand 4. 
The extraction equilibrium constant (Kex) for the above equilibrium reaction is given by eq.(4), 
Kex
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The distribution ratio of M(III) ion between the organic and the aqueous phases is given by 
eq.(5), 
.
)]([
)]([
aq
org
IIIM
IIIM
D =                            .            (5). 
From the eq  (4) and (5), eq.(6) is obtained as, 
.
][
][
4
3
RH
HDKex
+
=                     .(6). 
Taking logarithm and rearranging, eq.(7) is obtained as, 
log D = 3 pH + (log Kex + log[H4R])            ..(7).             
The obtained straight lines with the slope 3 in the plot of log D vs pHe (Figure 2) are in 
accordance to the the equilibrium equation (7). It indicates the validity of the extraction reaction. 
The extraction equilibrium constants (Kex) for Ga(III) and In(III) were estimated from the 
equation of straight lines of Figure 3.2 and using the relationship of equation (6). The values 
were summarized in Table 3.1, together with the separation factors of Ga(III) over In(III), 
Ga(III)/In(III) for 4. For comparision of extraction ability and separation efficiency of ligand 3 and 4, 
half pH values differences for Ga(III) and In(III) with ligand 3 [35] and 4 were also listed. The 
results indicated that ligand 4 is a candidate to selectively extract Ga(III) over In(III). 
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Table 3.1. Extraction equilibrium constants, separation factors, half pH values and half pH value 
differences for Ga and In with 3 and 4. 
 
Ligands 
    Kex[mol2 dm-1]       pH1/2 pH1/2 
Ga(III) In(III) Ga/In In(III) Ga(III)  
Ligand 4 7.96X10-4 1.55X10-6 51.3 2.37 1.80 0.57 
Ligand 3        -        -    - 2.72 3.12 -0.40 
 
3.3.7.    Determination of the coordination site 
In order to understand the binding mode of 4 with Ga(III) and In(III), FT-IR spectra of 4 as well 
as 4 Ga(III) and 4 In(III) complexes were studied. The FT-IR spectra of the free ligand and metal 
complexes are shown in Figure 3.5. The free ligand 4 showed a characteristic absorption band at 
1737 cm-1 corresponding to C=O stretching vibration of hydroxamate group. Appearance of a 
sharp absorption band at 1479 cm-1 along with some weak bands in the region 1380-1230 cm-1 is 
attributable to the bending and stretching vibrations of C-N and N-H bonds of C-N-H group of 
hydroxamate. The absorption bands at 1192 and 1126 cm-1 correspond to C-O stretching 
vibrations from OCH2 group and another band at 1051 cm-1 is attributable to N-O bond 
vibrations. After complexation with Ga(III) and In(III), a new band appeared at 1591 cm-1 in the 
case of Ga(III) complex and at 1583 cm-1  in the case of In(III) complex. These new, relatively 
broad bands appearing with concomitant decreased in intensity of free carbonyl stretching band 
but in lower frequencies compared to that of the free ligand were resulted due to the stretching 
vibrations of carbonyl groups coordinated with metal ion [C=O      M(III)]. Though not 
significant, some changes were also observed in 1480-1240 cm-1 region of the spectra indicating 
the formation of chelate complexes of 4 with Ga(III) and In(III). The appearance of new bands 
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for [C=O      M(III)] group along with the carbonyl stretching of free ligand indicated that the 
carbonyl groups were not fully engaged in coordination with the metal ion when the ligand 4 was 
complexed with 1 equivalent of M(III). 
 
Figure 3.5: FT-IR spectra of 4, 4 Ga(III) and 4 In(III) complexes. 
3.3.8.    Stripping of the loaded Ga(III) 
For complete recovery of the loaded metal ion and regeneration of the extraction reagent, 
stripping of Ga(III) from the loaded organic phase was examined using various concentrations of 
aqueous HCl and HNO3 solutions. The relation between the hydrochloric and nitric acid 
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commonly associated metal ions. The tetrahydroxamate ligand demonstrated strong affinity 
towards Ga(III) and In(III) with pH dependency. The slope analysis indicated that the extraction 
took place due to ion-exchange process. The strong affinity of the hydroxamate group for chelate 
formation coupled with the structural contribution of calix[4]arene providing proper coordination 
from ligating arms seem to have beneficial effect to achieve pronounced Ga(III) selectivity of the 
ligand over most interfering Fe(III) ion. Moreover, effective mutual separation of Ga(III) and 
In(III) can be achieved by the control of pH. The Job s plot and loading test unequivocally 
confirmed the 1:1 host-guest complexes. The IR spectra of the metal loaded ligand confirmed 
participation of carbonyl groups of the ligand in coordination with the loaded cation. The back 
extraction of the extracted Ga(III) from the organic phase was easily achieved using very dilute 
solutions of hydrochloric and nitric acids. 
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CHAPTER FOUR 
Highly chelating hydroxamic acid derivative of tris(3,5-di-tert-butyl-2-
hydroxyphenyl)methane : a C3 symmetrical trident molecule for selective 
separation of trivalent rare metal ions 
 
 4.1.   Introduction 
Constructing molecule, in which several (three or four) chelating functional groups are combined 
in a suitable mutual arrangement is reasonable. This would lead not only to ligands which exhibit  
improved extraction properties on the basis of chelate effects (favorable entropic factors) but also 
to ligands which exhibit specific selectivity in extraction due to the differences in complexes 
stoichiometry (or composition) and in the steric requirements. For liquid-liquid extraction the 
binding efficiency and selectivity of ligands for trivalent cations can be significantly improved 
by the preorganization of ligating units on a molecular platform. By virtue of their predisposition 
to serve as host molecules binding various neutral and ionic guest species, much attention has 
focused on the progress in chemistry of calix[4]arene [1-4] and resorcinarene [5-6] based 
macrocyclic scaffold. These macrocycles provide reactive hydroxyl groups to attach the 
appropriate pendent arms and to produce the modified macrocycles with diverse properties. A 
variety of calixarene and tripodal derivatives have been prepared to investigate metal extraction 
property by our groups. Each of them possesses specific structural properties, consequently such 
properties reflect to the extraction property. Thus, it is essentially significant that new scaffolds 
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are available. However, the large backbone may cause unfavorable flexibility, complicating 
structures in solution. These macrocycles provide reactive hydroxyl groups to attach the 
appropriate pendant arms, macrocycles with diverse properties can be produced. Unfortunately, 
calixarene-like macrocycles with only three oxygen donors are often difficult to prepare. 
Compounds such as hexahomooxacalix[3]arenes and trihydroxy[3,3,3]metacyclophanes, require 
longer linkers between the phenoxide ligands and involve several synthetic steps [7-8].  
Trisubstituted macrocycles can be isolated through the selective functionalization of 
calix[6]arene [9], but as before, the larger backbone of this compound engenders the macrocycle 
with immense flexibility, complicating the solution structure of the larger constructs and also the 
preparation of complex. Hence, the preparation and utilization of molecules with simple, rigid, 
highly-arranged structure have been required. Molecules containing three arms offer many 
advantages for selective recognition, especially for trivalent metal ions. Trident molecules show 
moderate flexibility and rigidity which sometimes give a perfect pocket for the fitting of the 
trivalent cations. Each of the three arms can be designed to provide two donor groups to a metal 
center allowing the metal to adopt either octahedral or trigonal prismatic stereochemistry 
depending on the preferences. Further example, nature has found this to be a particularly adapt 
binding motif for metal ions, the three catecholate arms of the protein Enterobactin are perfectly 
poised to seize iron ion. Taking inspiration from the literature study and the suggested 
coordination environment, conformational mimics of macrocycles including calix[4]arene, 
suggested a preparation of series of compound in which three phenoxide groups are joined to a 
carbon atom forming trisphenoxide methanes.  
Intent on the preparation of these unique molecules containg ionizable group would serve as an 
ideal platform for the extended structure containing only three arms for the selective extraction 
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of trivalent rare metal ions. Literature survey reveals that the C3 symmetric ligands tris(3,5-di 
alkyl-2-hydroxyphenyl)methane [10] show two extremes conformation Figure 4.1, type 1 all up 
or cone configuration and type 2 all down or inverted partial cone configuration. Extensive 
solution and solid state studies have confirmed that type 1, with the hydroxide groups aligned 
with the central methane hydrogen is the preferred conformer [11-12], even when bulky 
substituents were introduced at the central carbon linker. Sterically, the inversion of the type 1 
system to type 2 is not precluded, so the persistence of the type 1 is most likely as electronic 
effect. 
 
Figure 4.1:  Conformations of tris(3,5-di-tert-butyl-2-hydroxyphenyl)methane. 
In our previous work with calix[4]arene appended with hydroxamic acid arms [13], the 
extraction efficiency towards trivalent metal ion was very high and exhibited high selectivity 
towards gallium ion. The selectivity of the compound towards gallium metal ion is due to the 
ionizing ability of the functional group and also due to the conformational flexibility (cone 
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conformation) of the host compound. So this work focused on the incorporation of proton 
ionizable group in the tris(3,5-di-tert-butyl-2-hydroxyphenyl)methane for the selective extraction 
of the trivalent metal ion (including rare earth metal ions). Literature study revealed that when all 
three phenol oxygen atoms are substituted the conformation with three oxygen atoms  all up  
(type 1) relative to the central methane hydrogen of the platform exclusively exists both in the 
solid state and in solution [14-17]. Our previous result proved that presence of hydroxamic acid 
group incorporated in calix[4]arene moiety behaves as gallium selective reagents. As trident 
platform show moderate rigidity and flexibility and have narrow coordinating sites, which be the 
suitable size fit for the rare metal ions. Tethering three hydroxamic acid moieties to this platform 
via these phenol oxygen satisfies the requirement for proximate metal binding of the hydroxamic 
group while six tert-butyl groups at the periphery increases the solubility of the final ligand 
product and its metal complexes in organic solvents. Herein, we report the preparation of ligand 
containing proton ionizable group utilizing the tris(3,5-di-tert-butyl-2-hydroxy-phenyl)methane 
framework and the extraction ability towards rare metal ions. 
4.2.      Experimental:   
4.2.1.   General: 
All reagents and solvents were of reagent grade and used without further purification unless 
mentioned otherwise. The instruments used were as described in section 3.2. An organic solution 
was prepared by diluting the extractant into analytical grade chloroform to desired concentration. 
Aqueous metal solutions were prepared by dissolving analytical grade metal nitrates salts in 0.1 
M HNO3 and 0.1 M HEPES [2-{ 4-(2-hydroxyethyl)-1-piperazinyl} ethanesulfonic acid] buffer 
and were arbitrarily mixed to adjust desired pH. 
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4.2.2.   Synthesis: 
As outlined in Scheme 4.1, a ligand with divergent steric properties can be prepared directly via 
the phenolic precursor following a synthetic scheme originally developed by Casnati and co-
workers [18]. Deprotonation of the phenol with a Grignard reagent and the addition of ethyl 
orthoformate affords the trisphenoxide in moderate yields. As opposed to the calix[n]arene 
macrocycles where intramolecular hydrogen-bonding induces a cone-like conformation, the 
central carbon atoms in 1 prevent the ligand arms from aligning properly for this type of 
interaction. Instead, intermolecular communication between the rigid, C3 symmetric ligands is 
favored.  
 
 
 
Scheme 4.1: Synthesis of tris(3,5-di-tert-butyl-2-hydroxyphenyl)methane(1) 
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Scheme 4.2: Pathways for the systematic preparation of tris(3,5-di-tert-butyl-2-hydroxyphenyl) 
methane 
As in the case for calix[n]arenes, the rigidty of the tris(3,5-ditertbutyl-hydroxyphenyl)methane 
platform, notably permits the construction of larger ligands systems with well-defined structures. 
The synthetic methodology for the preparation of 3 and 5 shown in figure was adapted from the 
procedure developed in work with phenols and calix[n]arene platforms [19-20]. Scheme 4.2 
shows the pathways for the systematic preparation of the ligands. Following the simple 
procedures outlined in Scheme 4.3, reactive groups can be placed on the periphery of the ligands, 
thus allowing a wide scope of organic fragments to be incorporated onto the platform. The 
reactivity of 1 was found to be quite comparable to calix[4]arene, although deprotonation of all 
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three phenoxide groups requires the use of stronger base, caesium carbonate, instead of the more 
typical reagent, potassium carbonate. The yields for these reactions are excellent, and the 
insolubility of the products in polar solvents greatly facilated the purification and eliminates any 
need of chromatography. The acid chloride can be isolated in moderate quantities and it is stable 
indefinitely in the absence of moisture, facilitating the preparation of the extended structure 
ligands 5. 
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 Scheme 4.3: Synthesis of the reagents employed in present work. 
Synthesis of tris(3,5-di-tert-butyl-2-hydroxyphenyl)methane (1): 
Compound 1 was prepared by using modified procedure reported by Casnati et al [18]. Under 
nitrogen atmosphere, 20.9 g (101 mmol) of 2,4-di-tert-butylphenol was dissolved in about 50 
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cm3 of diethyl ether. To this ether solution same equivalent 13.5 g (101 mmol) of ethyl 
magnesium bromide was added dropwise, while adding mixture becomes whitish first and 
slowly becomes pink. When the generation of ethane was complete, a third of an equivalent of 
triethylorthoformate 5.00 g (33.7 mmol. 0.33 eq) was added dropwise cautiously. The resulting 
mixture was heated allowing ether to evaporate and occasionally a small amount of toluene was 
added to aid mixing, then the mixture was heated to 100oC for 24 h during which the solution 
becomes deep blue, then gradually becoming yellow often with precipitate formation. After 
allowing mixture to cool, 2 M hydrochloric acid was added and the product was extracted into 
diethylether. Evaporation of the solvent left viscous oil, which upon addition of methanol 
precipitated out as white solid. Filtration and subsequent washing with methanol gave the pure 
desired compound (4.00 g, 25.0% yield). 1H NMR  (300 MHz, CDCl3, TMS)  1.32 (s, 27H, tBu), 
1.34 (s, 27H, tBu), 4.86 (s, 3H, OH), 5.67 (s, 1H, CH), 6.73 (d, 3H, Ar-H), 7.35 (d, 3H, Ar-H). 
Synthesis of tris(3,5-di-tert-butyl-2-ethoxycarbonylmethoxyphenyl)methane (2): 
To an acetone solution of 1 (4.00 g, 6.36 mmol) was added cesium carbonate (7.85 g, 22.3  mmol, 
3.50 eq) and  ethyl bromoacetate (3.71 g, 22.3 mmol, 3.50 eq) was added drowise. The resulting 
mixture was refluxed for about 12 h. after cooling, the acetone was removed in vacuo and diethyl 
ether was added to the residue. The insoluble materials were filtered off, and the ether was 
removed under reduced pressure to leave colorless oils that slowly crystallized. The crude 
product was additionally purified by washing with methanol. 
Synthesis of tris(3,5-di-tert-butyl-2-ethoxycarboxymethoxyphenyl)methane (3): 
Compound 2 (2.00 g, 2.25 mmol) was dissolved in a methanol / water / dichloromethane (38: 8: 
3 cm3) solvent mixture and potassium carbonate (3.10 g, 22.5 mmol, 10 eq) was added. The 
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mixture was refluxed for 6 h. The resulting clear solution was poured into water (300 cm3), 
acidified to pH 4 with dilute hydrochloric acid and the desired compound was extracted with 
diethyl ether. The solvent was removed under reduced pressure and chloroform was added to the 
residue. The insoluble material was filtered and washed with additional chloroform to give 3 as 
white powder. The product was further recrystallized from diethyl ether / hexane.    
Synthesis of tris(3,5-di-tert-butyl-2-chlorocarbonylmethoxyphenyl)methane (4): 
Compound 3 (3.00 g, 3.73  mmol) was dissolved in 70 cm3 of dichloromethane and an excess of 
thionyl chloride (2.66 g, 22.4 mmol, 6.0 eq) was added dropwise in ice cold condition. Then the 
solution was refluxed for 6 h. The solvent and excess thionyl chloride was both removed under 
vaccum and compound 4 was formed as white powder. 
Synthesis of tris(3,5-di-tert-butyl-2-hydroxyaminocarbonylmethoxyphenyl)methane (5):  
Under nitrogen atmosphere, compound 4 (2.60 g, 3.00 mmol) was dissolved in 50 cm3 of dry 
THF solvent  and sodium bicarbonate (3.00 g, 36.2 mmol, 12.0 eq) was added. Hydroxylamine 
hydrogenchloride (1.20 g, 18.2 mmol, 6.0 eq) was added slowly in ice cold condition. The 
mixture was stirred at ice cold condition for 15 min and then allowed to come to the room 
temperature. Then, the mixture was heated at refluxing condition for 12 h. Removal of the 
solvent by rotary evaporation yielded a solid powder residue. The obtained off white solid was 
dissolved in excess of THF and filtered. Removal of the solvent from the filtrate followed by 
vaccum drying afforded the desired product.  
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4.2.3. The extraction experiments 
Distribution equilibria of some divalent and trivalent ions (including rare earth metal ion) were 
investigated by conventional batch wise method. Equal volumes of aqueous and organic 
solutions were mixed and the mixture was shaken for 12 h which, as would be discussed later is 
sufficient time to attain the equilibrium. After phase separation, the pH values and the metal 
concentrations of metal ions in aqueous phase were measured using either AAS or ICP-AES. 
4.3. Results and discussion 
4.3.1. Synthesis and characterization of extractant 
 Previously published procedure was adopted for the synthesis of tris(3,5-di-tert-butyl-2-
hydroxyphenyl)methane (1). Synthesis of 2 from 1, a straight forward reaction, was according to 
the published procedure and also similar to the procedure published for the calix[n]arenes. For 
treatment of 1 with excess of ethyl bromoacetate in presence of excess base, caesium carbonate 
was employed in a manner similar to the Williamson s synthesis of ether afforded the triester 2 
in high yield. Alkaline hydrolysis of triester with potassium carbonate in methanol/water system 
led to the formation of corresponding tricarboxylic acid derivative 3 in high yield. X-ray studies  
(literature study) focused that presence of alkyl group at para position played an important role in 
binding ability as it restrict the rotation of the phenoxide rings relative to each other. Treatment 
of 3 with excess of thionyl chloride produced the chloro derivative 4 which on further treatment 
with hydroxylamine hydrochloride afforded the hydroxamic acid derivative 5 in quantitative 
yield, which was synthesized in a similar manner to the published procedure for calix[n]arenes. 
The presence of new peak arised in 4-5 ppm region for OCH2 and new peak arise in 2-3 ppm 
region for the N-H proton suggested the preparation of the ligands 5. 
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4.3.2   Extraction ability of ligands 3   
Since the ligand 3 contains highly ionizing carboxylic group, it has high extraction ability 
towards base and rare metal ions. 
4.3.2.1 Equilibrium time determination for extraction of group (III) metal ion 
For analytical purposes, time required to reach the equilibrium for solvent extraction separation 
is crucial. The effect of shaking time on percentage extraction of Ga(III) and In(III) with 3 was 
determined. As it is obvious from Figure 4.2,  the percentage extraction increases with shaking 
time and reaches plateau within 15 min, which is the time required to reach the equilibrium.  
 
 
Figure 4.2: Effect of shaking time on percentage extraction of Ga(III) and In(III) ion with 3. [3]= 
5.0 mM, [M(III)] = 0.1 mM, initial pH = 2.0 for Ga(III) and 3.2 for In(III) , adjustment of pH= 
0.1 M HNO3 and 0.1 M HEPES buffer.   
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It would be emphasized that the extraction rate is faster at higher pH due to the ease of ionization 
of carboxyl groups facilitating the cation exchange which is considered to be the mainstream 
mechanism responsible for cation uptake by 3. 
4.3.2.2   Solvent extraction of metal ions 
The results of single species extraction of some trivalent ions including base metal with 3 as a 
function of equilibrium pH are present in Figure 4.3 in which the percentage extraction was 
calculated by using the relation, 
                     100%  -=
i
ei
C
CCE  
where, Ci is the initial and Ce is the equilibrium concentration of metal ions in aqueous solution, 
respectively. 
All the metals ions studied were classified into intermediate hardness in pearson s classification 
of hard and soft acids and bases (HSAB) principles. Although the extractant contains O-donor 
atoms, these cations were extracted in the different pH region indicating that 3 has high 
extraction ability. The extraction of metals began only after pH 3.0, while it showed a greater 
extractability of trivalent metal ions including iron, indium and gallium. The extraction order 
was found to be as shown Fe3+ > In3+ > Ga3+ > Al3+ > Cu2+ > Zn2+. However, this reagent failed 
to show selectivity towards gallium or indium metal ions.  
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Figure 4.3: Effect of pH on percentage extraction of different metal with 3. [M(III)] = 0.1 mM, 
[3] = 5 mM, shaking time = 12 h at 303 K, phase ratio= 1(v/v), adjustment of pH= 0.1 M HNO3 
and 0.1 M HEPES buffer. 
4.3.2.3   Extraction equilibrium  
 By far the most reliable approach for determining the composition of the extracted complex in 
organic phase has been the slope analysis method using log-log plot. The effect of equilibrium 
pH on logarithm of distribution ratio in the solvent extraction of gallium and indium ions with 
ligand 3 is shown in Figure 4.4. The slope of the straight lines in the plot of log D vs pHe 
corresponded to the number of protons released into the solution by ion-exchange. The value of 
the slope was nearly 3 indicating that the neutral complex (1:1) has been formed by the exchange 
of three protons from carboxylic acid groups. Since, gallium and indium ions are trivalent and if 
only the ion exchange mechanism took place, the fact that the slope of line in the plot was 3 
suggested the formation of 1:1 ligand-metal complex by proton exchange mechanism. 
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Figure 4.4: Effect of pH on the distribution ratio of Ga(III) and In(III) extraction with 
3.[M(III)]=0.1 mM, [3]= 5 mM, shaking time = 12 h at 303 K, phase ratio= 1(v/v), adjustment of 
pH= 0.1 M HNO3 and 0.1 M HEPES buffer. 
4.3.2.4   Stripping of the loaded Ga(III) and In(III) ion 
Extraction of metal ion with a suitable host leading to preconcentration followed by stripping of 
the loaded metal ion is a usual practice. The results for stripping test of the loaded Ga(III) and 
In(III) carried out by contacting the metal loading 3 with various concentrations of nitric and 
hydrochloric acids under identical condition of extraction test are shown in Figure 4.5. The 
results indicate that complete stripping of the loaded metal was achieved at very low 
concentration (0.05 M) of nitric and hydrochloric acids. Since the loaded metal was easily 
stripped using dilute acid solutions, the present extractant is significant to industrial apply. 
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Figure 4.6: Effect of pH on the distribution ratio of rare earth metal with 5. [M(III)]=0.1 mM, 
[5]= 5 mM, shaking time = 12 h at 303 K, phase ratio= 1(v/v), adjustment of pH= 0.1 M HNO3 
and 0.1 M HEPES buffer. 
 4.3.3   Extraction ability of ligands 5  
The hydroxamic acid moieties were attached to the triphenoxy platform using well established 
derivatization method developed for the hydroxamic acid-calixarene system. Previous work as 
described in Chapter 3, p-tert-butylcalix[4]arene hydroxamic acid show highly selective 
towards gallium over indium. From this idea a new trident C3-symmetric ligand containing 
chelating hydroxamic acid was synthesized for the selective separation of Ga(III). Since all steps 
of these syntheses the desired compounds were highly yielded at multigram quantities of ligands 
were produced without much synthetic efforts.   
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4.3.3.1   Equilibrium time determination for extraction of group (III) metal ion 
The effect of shaking time on the percentage extraction of Ga(III) and In(III) with 5 was 
determined to know the equilibrium time of extraction. As it from Figure 4.7 the percentage of 
metal extraction increased with increasing the shaking time and reached plateau within 5 min, 
which was the time required to reach equilibrium. 
              
Figure 4.7: Effect of shaking time on percentage extraction of Ga(III) and In(III) ion with 5. [5]= 
5.0 mM, [M(III)] = 0.1 mM, initial pH = 2.0 for Ga(III) and 3.2 for In(III) , adjustment of pH= 
0.1 M HNO3 and 0.1 M HEPES buffer. 
4.3.3.2   Effect of pH on percentage extraction of metal ions 
The experimental results of extraction of some metals ions with 5 from a multicomponent 
mixture as a function of equilibrium pH are presented in Figure 4.8. These cations were chosen 
as the coexisting ions in by-product of primary metal refining from which gallium and indium 
was usually extracted. The extraction profile of metal ions as a function of pH followed the order 
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Ga(III) > In(III) > Fe(III) > Cu(II) > Zn(II) which is same as reported with other hydroxamic 
acid type of extractants (previous work). The selectivity order was quite different from that for 
the ligand 3, which showed selectivity towards Fe(III) ions. Therefore, it seems that the 
extraction ability of the ligand was not dependent on the size of the cation and the 
conformational ability of the ligand, but due to the hydroxamic acid functional group. However, 
for the extraction of Ga(III) and In(III) ions with 5, it appeared that not only the affinity of the 
functional group but also the ring size of the calixarenes were responsible, since the 
extractability of the hydroxamate of calix[6]arene was only slightly greater than that of the 
carboxylic acid, while that of the hydroxamate of calix[4]arene was much greater than that of 
calix[6]arene. Quantitative extraction of Ga(III) ion into the organic phase was achieved at pH 
over 2.0 and that of In(III) ion was achieved at pH over 3.0. These result indicated that the ligand 
5 is a promising ion receptor not only for effective mutual separation of Ga(III) and In(III) ions 
but also for the group separation of them from the highly interfering cation Fe(III) and some 
other common base metal such as Cu(II) and Zn(II). Mutual separation of Ga(III) over In(III) 
with 5 is more  effective than that with calix[4]arene derivative. It is attributed not only to 
hydroxamic acid functional group but also to size effect of the present extractant.  
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Figure 4.8: Effect of pH on percentage extraction of different metal ions with 5. [Extractant] = 5 
mM, [metal ion] = 0.1 mM each, shaking time = 12 h at 303 K, phase ratio = 1 (v/v), adjustment 
of pH= 0.1 M HNO3 and 0.1 M HEPES buffer. 
4.3.3.3   Extraction equilibrium 
To investigate the distribution and extraction equilibrium, slope analysis of log-log plot is one of 
powerful tool and also to access the composition of the extracted complex in the organic phase. 
If the concentration of extractant is constant and the molecular association in the organic phase 
as well as hydrolysis and complexation in the aqueous phase occur to a negligible extent, the 
slope of the line in the plot of log D vs pHe corresponds to the number of hydrogen ions released 
into the aqueous solution by ion exchange mechanism. The experimental results for the 
extraction of Ga(III) and In(III) with ligand 5 are shown in Figure 4.9 by plotting the logarithm 
of distribution ratio against the equilibrium pH. As in figure, the values of log D increased with 
pH of solution and lie on straight lines with a slope value of 3 for In(III) and Ga(III) suggested 
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that the extraction of these trivalent metals proceeds simply via a proton exchange mechanism 
with the liberation of three H+ ions per metal ion in the formation of the extracting species.  
 
Figure 4.9: Effect of pH on the distribution ratio of Ga(III) and In(III) extraction with 5. 
[M(III)]=0.1 mM, [5]= 5 mM, shaking time = 12 h at 303 K, phase ratio= 1(v/v), adjustment of 
pH= 0.1 M HNO3 and 0.1 M HEPES buffer.  
4.3.3.4   Complexation stoichiometry 
In order to explore the host-guest binding ratio, stoichiometry of complexation was investigated 
by using the continuous variation method (Job s plot) keeping the sum of concentration of the 
host and guest species constant at 1 mM. Typical Job s plots for the extraction of Ga(III) and 
In(III) with ligand 5 are shown in Figure 4.10. The results seemed to be quite interesting, the 
complexation  stoichiometry of 5 with gallium was 2:1 i.e. the concentration of the extracted 
species in the organic phase approaches maximum when the mole fraction of the extractant is 
approximately 0.67, while for indium the complexation stoichiometry with 5 was 1:1 i.e the 
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concentration of the extracted species in the organic phase  approaches maximum when the mole 
fraction of the extractant was approximately 0.5 as reported in our previous ligands (Chapter 3). 
 
Figure 4.10: Typical Job s plot for extraction of (a) Ga(III) and (b) In(III) with 5 at invariant total 
concentration of  1 mM. Initial pH = 2.0 for Ga(III) and 3.2 for In(III). 
It is attributed from the result that the extractant show size discrimination effect among Ga(III) 
and In(III). As the size of the gallium ion is smaller than indium, gallium is easily extracted over 
the functional group moiety, i.e. the complexation only depends on the chelating hydroxamic 
acid group and hence to neutralize the coordinating number two molecule was required. For the 
case of indium, the size of indium is well fitted with pockets of the trident platform and show 1:1 
ligand metal complex. 
4.3.3.5   Loading test 
In order to reconfirm the stoichiometry of complexation, loading test of gallium and indium with 
ligands 5 was carried out. In loading test, the ratio of initial extractant concentration to the loaded 
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indium concentration was plotted against increasing initial concentrations of metal as depicted in 
Figure 4.11. The ratio of initial concentration of extractant to the loaded Ga(III) concentaration 
gradually dropped with increasing concentration of Ga(III) in aqueous phase and approached  
plateau at 2 at higher Ga(III) concentration. This meant the ratio of initial concentration of the 
extractant to the loaded Ga(III) was 2:1 which also supported the formation of 2:1 metal : ligand 
complex as obtained from the results of Job s plot. Similar results were obtained in the case of 
loading test of In(III) reconfirming the formation of 1:1 metal : ligand complexes as suggested 
from the results of Job s plot analysis. 
 
 
Figure 4.11: Loading test of (a) Ga(III) and In(III) on extractant 5. [5]= 5.0 mM, shaking time = 
12 h, initial pH= 2.0 for Ga(III) and  3.2 for In(III). 
4.3.3.6   FT-IR spectra of 5 and its metal complexes 
The free ligand displayed an IR-band with characteristic group absorption frequencies. A broad 
band centered at around 3300 cm-1 is due to the combination of N-H and O-H group frequencies, 
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a sharp band at 2958  cm-1 is due to C-H stretching, appearance of moderate band at 1714 cm-1  
and a strong band at 1668 cm-1 is due to the hydroxamate group. As shown in Figure 4.12 
appearance of a sharp absorption band at 1433 cm-1 along with some weak bands in the region 
1360-1120 cm-1 is attributable to the bending and stretching vibrations of C-N and C-O 
stretching vibrations from C-N-H and OCH2 groups, and another band at 1047 cm-1  is 
attributable to N-O bond vibrations. 
   After complexation with these trivalent cations, significant changes were observed in the 
region of hydroxamate with these trivalent cations, significant changes were observed in the 
region of hydroxamate absorption frequencies. While a new band at 1732 cm-1 was quite 
prominent in the case of Ga(III) complex, a weak band appeared at 1739 cm-1 in case In(III) 
complex of the ligand. Similarly, a moderate band at 1668 cm-1 of the free ligands was shifted to 
1616 cm-1  in the case of  Ga(III) loaded and at 1612 cm-1  in the case of In(III) loaded complex. 
Furthermore, a small band appearing at 1598 cm-1 for free ligand was shifted to 1519 cm-1 for 
Ga(III) and 1516 cm-1  for In(III) loaded complex. These new bands are resulted due to the 
stretching vibrations of hydroxamate groups coordinated  with metal ion [C=O ..M(III)]. Though 
not significant, some changes were also observed in 1430-1120 cm-1 region of the spectra 
indicating the formation of chelate complexes of the trident ligands with Ga(III) and In(III). 
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Figure 4.12: FT-IR spectra of tris-hydroxamic acid: free(bottom), In(III)loaded(middle) and 
Ga(III) loaded (top) ligand. 
4.3.3.7   Stripping of the loaded metal  
Complete stripping of the loaded metal is crucially important not only for recovery of target 
metals and the regeneration of the extractant but also for potential analytical applications of the 
extractant. The results of stripping test of the loaded metal carried out by contacting the metal 
complexed 5 with various concentrations of hydrochloric and nitric acids under identical 
condition of extraction test are shown in Figure 4.13.  
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Figure 4.13: Stripping of (a) loaded In(III) ion and (b) loaded Ga(III) with HCl and HNO3 
solution of different concentrations 
As the loaded metal was stripped with decrease in pH of the aqueous phase, the extracted metal 
ion was easily stripped by shaking the metal-loaded organic phase with mineral acids. It was 
assumed that the complexation between ligand and In(III) was proceeded via simple ion 
exchange mechanism and so easily stripped by low concentration of mineral acids. But for the 
case of Ga(III), the complexation occurred via ion exchange as well as by chelation which causes 
the stripping at lower concentration of mineral acids difficult. The results indicated that 0.5 M 
HCl and HNO3 are enough for the back extraction of preconcentrated Ga(III) and In(III) from 
organic phase  into the aqueous phase. 
4.4   Conclusions 
The new tripodal chelates bearing proton ionizable units precisely arranged on a 
triphenoxymethane platform have been synthesized, to selectivity extract trivalent cation from 
nitric acid media. This frame work 1 are clearly distinct from those of  well studied 
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calix[n]arenes, and these scaffold retain the simplicity of the synthetic manipulation of the 
calix[n]arene system. The unique geometrical arrangement of the three ligating groups, different 
from the four groups utilized in calix[4]arene, this ligand has the capability of selective 
extraction of metals. The tris-hydroxamic acid derivative 5 is highly selective towards gallium. 
The strong affinity of ligands towards trivalent rare metal ion is due to the converging 
cooperative effect of the three chelating ionizable groups which is strongly proved by slope 
analysis. To understand the complex structure Job s plot and loading test were studied. Effective 
mutual separation of Ga(III) and indium can be achieved by the control of pH of the analyte. 
Further, regeneration of the ligand was achieved by the back extraction of the extracted gallium 
and indium from the organic phase by using very dilute solution of hydrochloric acid and nitric 
acids. 
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CHAPTER FIVE 
 
Selective removal of toxic lead ion by extraction and solid phase extraction 
with carboxylate of C3-symmetric triphenoxy methane platform 
   
5.1.   Introduction: 
Lead is a harmful toxic and relatively rare element, but it is well known because of its technical 
importance. It is an important constituent of some copper alloys and tin base white metal alloys. 
Lead chemistry is of prime interest because of its cumulative toxicity and harmful influences of 
animals and human health. The cumulative poisoning effect of lead causes hematological 
damage, anemia, kidney malfunctioning, brain damage, sore muscles, fatigue, irritation and 
distribution in the central nervous system [1]. 
   Regarding the lead presence in various environmental and biological samples at low levels, 
designing new approaches and development of the convenient and effective techniques 
concerning preconcentration, separation and determination of lead are necessary and have a vital 
and critical importance. Obviously trace level separation of metallic toxicant lead (II) poses a 
challenging problem to the analytical chemists. The most widely used techniques for the 
separation and preconcentration of trace level lead (II) includes liquid-liquid extraction [2-3], co 
precipitation [4], ion-exchange [5], adsorption [6], reverse osmosis [7], cloud point extraction 
[8], electrochemical deposition [9], and solid phase extraction (SPE) [10]. Solvent extraction 
methods of various metal ions have been widely utilized in the literature [11]. Conventional 
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classical method are frequently time consuming, harsh and labor intensive. Among these solid-
phase extraction (SPE) technique has been widely used because of its various advantages over 
other method such as higher preconcentration factor, lesser waste generation, lower matrix 
effect, easy regenerability of the solid phase and thereby more reusability [12-13], SPE is 
considered as one of the best attractive alternative methods. For SPE, solvent impregnated resins 
(SIRs) can be considered as alternative adsorbent materials since they are similarly capable of 
selective sorption. SIRs comprise a polymeric matrix impregnated with readily available liquid 
ionic extractant, are relatively easy to prepare and they combine the unique features and process 
advantages of liquid-liquid extraction and ion exchange. 
  The word  impregnation  was originally introduced to the ion-exchange literature by Lederer 
et al. [14-15], later by Warshawsky [16-17] and Grinstead [18] were the two principle pioneers 
responsible by for introducing the concept, synthesis and application of solvent  impregnated 
resins  for metal removal to the open literature. The concept of SIRs is based on the 
incorporation of an ionic liquid extraction reagent into a macroporous polymer matrix by a 
physical impregnation technique [19]. The highlighted characteristics of SIRs include: i) the 
specificity and selectivity of readily available extractants, ii) the straightforward mechanism of 
interaction of metal ions with liquid/liquid extractants, iii) lack of third phase formation, iv) the 
possibility of treating  unclarified  solutions and / or adopting a continuous liquid - solid 
separation process. Amberlite resins have been commonly used as supports for preparations of 
SIRs [20]. They have been designed with different characteristic of porosity (pore volume and 
pore size). In this study, Amberlite XAD-7 was used. This resin can impregnated different 
extractants and the resulting SIRs showed greater efficiencies and faster extraction of metals 
ions than that prepared by other hydrophobic macroporous polymers such as Amberlite XAD-2. 
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     Previous work in our lab reported the preparation of the solvent-impregnated resins using 
various carboxylic acid derivatives of phenolic oligomers, such as cyclic hexamer, cyclic 
tetramer, linear trimer, and monomer derived from p-tert-octylphenol [21] impregnated in 
XAD-7 and their adsorption behavior was studied, exhibited highest lead selectivity and show 
poor loading capacity for lead ion. Later on, carboxylic acid derivatives of p-tert-butyl[4]arene 
and debutylated  calix[4]arene impregnated in XAD-7 was also studied for lead ion adsorption 
[22].  
     In the present work, we prepared resins impregnated with carboxylic acid derivatives of tris-
(3,5-di-tert-butyl-2-hydroxyphenyl)methane into Amberlite XAD-7 to investigate adsorption 
behavior of lead ion. It was assumed, the cyclic geometry of novel tripodal derivative 
possessing highly ionizable functional moiety (carboxylic acid) be the better option for the 
removal of low concentration of lead containing effluents. From the practical point of view, 
maximum loading capacity of lead ion, durability for many repeats of adsorption and elution of 
lead ion, as well as chromatographic adsorptive separation of lead and zinc ions were examined. 
5.2.    Experimental: 
5.2.1.   Reagents  
Trisphenoxy carboxylate (1) in the all up conformation were synthesized in a similar manner as 
discussed in Chapter four. Although a number of polymer matrices have been reported, 
Amberlite XAD-7 was employed, the substance of which is acrylic ester, purchased from 
Organo Co., Ltd. They have been designed with different characteristics of porosity (pore 
volume and pore size). This resin is macroporous with interesting textural properties such as 
high pore volume (35-50 mesh), pore diameter (90  ) and the surface area (450m2/g). This resin 
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was impregnated with different extractants and showed greater efficiencies and faster extraction 
of metal ions than that of other hydrophobic macroporous styrene-divinyl benzene polymers 
such as Amberlite XAD-2. 
      Amberlite XAD-7 was washed with methanol three times, followed by drying in vacuo. The 
chemical structure of the impregnated extractants and the macroporous polymer matrix are 
shown in Figure 5.1. 
 
 
 
              
               Extractant (1) 
 
        Amberlite XAD-7 
 
Figure 5.1: Chemical structures of the impregnated extractant (1) and macroporous 
polymer. 
 
5.2.2.    Impregnation process 
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method. One gram of extractant was dissolved in analytical grade chloroform. The dried XAD-7 
(3.00 g) was immersed in the organic solution overnight. Chloroform was removed in vacuo. The 
resin was used without the procedure to make the surface of the resin hydrophilic.  
5.2.3.    Sorption experiments: 
The adsorption experiment was carried out by the conventional batch method. That is 0.1 mM 
aqueous metal solution was prepared by dissolving individual metal nitrates into 0.1 M nitric 
acid and 0.1 M HEPES buffer solution. Both solutions were arbitrarily mixed to adjust pH. To 10 
cm3 of the solution was added 0.020 g of the resin and the mixture was stirred for more than 24 h 
at 30oC. After filtration, the metal concentration and pH of the aqueous solution were measured 
by ICP-AES (Shimadzu ICPS 8100) and a pH meter (TOA-DKK HM-30R) respectively. 
5.2.4.    Chromatographic separation of lead and zinc ions: 
In the column experiment, the aqueous feed solution was prepared by dissolving zinc and lead 
nitrates in dilute nitric acid solution, the pH of which was 3.9. the feed solution containing  
large excess of zinc (1000 ppm) and small amount of lead (10 ppm) was passed  through the 
volume of bed packed with resin (100 mg) mixed together with glass beads (0.100 g, average 
diameter = 1.3 mm). After washing with distilled water, the adsorbed metal was eluted with 1 M 
hydrochloric acid. In both cases, the feed rate was 7.02 cm3 h-1. The metal concentrations in the 
collected sample solution were determined by ICP-AES Shimadzu ICPS 8100. 
5.3.    Results and discussion 
5.3.1.    Extractive behavior of extractant 
The synthetic procedure of the reagent used was discussed in the previous chapter. The 
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experimental results of pH dependency on single species extraction of Pb(II), Cu(II), Zn(II), 
Co(II) and Ni(II) metal ion mixture with the reagent are shown in Figure 5.2. The selectivity 
order of extraction of metal ions was Pb > Cu > Zn, Co, Ni, which resembles to that of other 
carboxylic acid type of the extractants. As the extractant contain O-donor atoms, these cations 
were extracted in the different position of pH and is selective for Pb(II) over other metal ions. It 
was clear that lead is quantitatively extracted after pH 3.5 at which extraction of other metals is 
very low.  
 
              
Figure 5.2: Effect of pH on the percentage extraction of metal ions by extractant (1). [Metal ion] 
= 0.1 mM, [1] = 5 mM, adjustment of pH = 0.1 M HNO3 - 0.1 M HEPES buffer, shaking time = 
12 h at 303 K. 
5.3.2.    Solid phase extraction of impregnated extractant: 
5.3.21.    Effect of shaking time 
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The effect of contact time on the adsorption of Pb2+ ion by using impregnated XAD-7 at room 
temperature was investigated as shown in Figure 5.3. The amount of metal ion sorbed increased 
sharply at the initial stages by increasing shaking time until the equilibrium was obtained after 
24 h. 
 
 
Figure 5.3:  Effect of adsorption amount of lead ion on shaking time. Weight of impregnated 
resin   = 20 mg, initial pH = 4.40. 
5.3.2.2.    Sorption kinetic modeling: 
Pseudo-second  order model is presented in the following equation: 
ee q
t
qkq
t += 2
2
1                  .(5.1) 
Plot of t/q versus t gave a linear relationship, as illustrated in Figure 5.4, which allows 
computation of qe and rate constant, k2. The value of k2 was found to be 0.606 gmmol-1 min-1, 
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and the value of the calculated qe was found to be 0.042 mmol g-1 which is closer more to the 
experimental value, and high correlation coefficient was obtained (R > 0.99) therefore ,the 
pseudo-second order model was applicable for the sorption process. 
 
     
Figure 5.4: Second order kinetics model for sorption of Pb2+ ion at room temperature and pH 
4.40 using impregnated resin.  
5.2.3.3.    Effect of pH:  
The effect of pH on the percentage adsorption of divalent metal ions on the impregnated resins is 
shown in Figure 5.5, where the percentage adsorption, %A is defined by   
100%  -=
Ci
CeCiA               ..(5.2) 
where, Ci and Ce are the initial and equilibrium concentrations of divalent metal ions in aqueous 
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solution. The polymer matrix, XAD-7, which only has ester group, was found to exhibit only 
poor adsorption for these metals ions, which may be based on physical adsorption. The 
selectivity order is same as that of the extractant (1) as shown in Figure 5.2 
 
            
Figure 5.5: Effect of equilibrium pH on percentage adsorption of metal ions on impregnated 
resin. [Metal ion] = 0.1 mM, volume of aqueous solution = 10 cm3, weight of resin = 20 mg, 
shaking time = 12 h, adjustment of pH = 0.1 M HNO3 - 0.1 M HEPES buffer. 
The effect of pH on the distribution ratio of lead ion on impregnated resin is shown in Figure 5.6, 
where the distribution coefficient, Kd is defined by           
e
d C
qK =                       ..(5.3) 
Plot of log distribution coefficient; log Kd, against equilibrium pH, gave a straight line with a 
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slope equals to 1.6, nearly equals to two, which is equal to the charge of lead. It also suggested 
that the adsorption phenomenon was also progressed by ion-exchange phenomenon with the 
proton of the carboxylic acid functional group of the extractant impregnated. The specifically 
high selectivity of lead is due to the presence of carboxylate oxygen atoms and forming stable 
complex. 
          
Figure 5.6: Effect of pH on distribution ratio of lead ion. Weight of impregnated resin = 20 mg, 
[Pb2+] = 0.1 M, volume of aqueous solution = 10 cm3, adjustment of pH = 0.1 M HNO3   0.1 M 
HEPES. 
5.3.2.4.     Sorption capacity: 
The batch method was used for the calculation of the sorption capacity of resin for lead ions. As 
the resin has significant lead selectivity, the maximum lead uptake capacity of the resin was 
examined by equilibrating the resin with varying concentration of metal ion at constant initial 
pH. The quantity of lead loaded on the resin, q (mmol g-1) was evaluated by the equation, 
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V
W
CCq ei  -=                     ..(5.4) 
where Ci and Ce are the initial and equilibrium concentrations of metal ions in aqueous solution 
respectively, W (mg) and V (cm3) are weight of the resin and volume of aqueous solution 
respectively. 
As it was obvious from the results of Figure 5.7, the amount of lead loaded on the resin (q) 
increases with increasing lead concentration in low concentration region and reaches a constant 
value at higher concentration region. The maximum binding capacity of the resin towards lead as 
calculated from the plateau region of figure was 0.20 mmol g-1, which was as low as compared to 
our previous resin containing carboxylic acid derivative of calix[4]arene. This maximum 
adsorption capacity appears to be not sufficient for industrial use. However, the effective 
separation is worth noting.  
         
Figure 5.7: Adsorption isotherms of lead (II) on the impregnated resins. Weight of resin = 20 
0
0.05
0.1
0.15
0.2
0.25
0 0.5 1 1.5 2 2.5 3
Ce/ mM
Anup Basnet Chetry                                                                            Saga University 2014 
 
mg, volume of solution = 10 cm3, initial pH = 4.40. 
For comparison, the binding capacities of XAD-7 impregnated resin containing calix[3]arene 
was found to be 0.18 mol kg-1 and the stoichiometry was found to be  1:2 (lead : extractant). The 
present extractant also contain three carboxylic acid functional group and the stoichiometric ratio 
is found to be 1:1 (lead: extractant) and maximum binding capacity is also in same value. This 
suggest the loading of lead depends on the stoichiometry (0.30 mol kg-1 for monomer analogue) 
for which the stoichiometric ratio is 1: 4. 
5.3.2.5.    Sorption isotherm modeling: 
Analysis of equilibrium data is important for developing an equation that can be used to 
compare different sorbents under different operational conditions and to design and optimize an 
operating procedure. The Langmuir equations are commonly used for describing sorption 
equilibrium for water and wastewater treatment applications. Langmuir isotherm is valid for 
monolayer sorption onto a surface containing a finite number of identical sites. It is 
characterized by a decreasing slope as the concentration increases, since vacant sorption sites 
decreases as the sorbent becomes covered. Langmuir sorption equation based on sorption on a 
homogenous surface can be expressed as: 
                     
bQQ
C
q
C e
e
e 1+=                     .(5.5) 
 
where, Q is the monolayer sorption capacity, and b is constant related to the free energy of 
sorption. By plotting of 1/qe versus 1/Ce a straight line was obtained, as shown in Figure 5.8. 
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The values of b and Q were determined from the slope and the intercept respectively. 
 
                  Figure 5.8: Langmuir isotherm for adsorption of Pb2+ at pH 4.40. 
By using the obtained result, the value of b is equal to 5.1 dm3 mol-1 and Q equals to 0.24 mmol 
g-1. The essential characteristics of Langmuir isotherm can be expressed in terms of a 
dimensionless constant, separation factor or equilibrium parameter, RL which is defined by: 
o
L bC
R
+
=
1
1                       ..(5.6) 
where, b is the constant related to free energy of sorption and Co is the initial concentration. 
The RL value indicates the type of isotherm to be irreversible (RL = 0), favorable (0 < RL < 1), 
linear (RL = 1), or unfavorable (RL > 1). Figure 5.9 indicates that the RL value ranges in between 
0-1 indicating the favorable sorption. 
 
0
4
8
12
16
20
0 1 2 3 4 5
Ce
Anup Basnet Chetry                                                                            Saga University 2014 
 
 
Figure 5.9: Relation between separation factor (RL) and initial concentration of lead ion. 
5.3.2.6.    Chromatographic separations 
As observed from experimental practice, the impregnated resin possessed good separation 
capacity and high selectivity over lead over the other ions studied, it was concluded that it was 
suitable for the removal of trace amount of lead from large amount of other metal ion, for 
example, the waste solution of zinc plating contains trace amount of lead ion as a contaminant. 
By means of break through followed by elution using the packed column, even the small 
amount of lead should be adsorbed on resin and separated from the excess amount (100 times 
that of lead ion) of zinc. The breakthrough profile of zinc and lead is shown in Figure 5.10. The 
bed volume (abbreviated as B.V.) represents the ratio of volumes for the solution passed 
through column and the packed resin. As breakthrough of zinc ion took place immediately after 
the starting of feed without being trapped in the bed. On the contrary, the breakthrough of lead 
began to take place after 40 B.V. It was suggested clearly that the complete separation of trace 
amounts of lead from large amount of zinc was successfully achieved by using a column packed 
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with the resins impregnated with extractant. The elution profiles of the loaded metal ions from 
the column with 1 M HCl are shown in Figure 5.10. A very sharp elution profile of lead is 
observed at about 50 B.V., which demonstrated that lead can be concentrated by as much as 9 
times of the feed solution. On the other hand, the elution of zinc ion was a very small quantity 
compared with that of lead. These results are promising in the sense that they suggest the 
present resin would be useful in achieving selective and effective removal of a trace amount of 
lead from the polluted water and industrial streams. 
 
(a)         (b)
Figure 5.10: Breakthrough (a) and elution (b) profiles of lead and zinc ions. [Pb(II)] = 10 
ppm; [Zn(II)] = 1000 ppm; weight of resin = 100 mg, flow rate = 7.02 cm3 h-1, pH of feed 
solution = 3.90, eluent = 1 M HCl. 
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5.4.    Conclusions 
The results obtained demonstrated the effectiveness of the impregnated Amberlite XAD-7 resin 
containing the carboxylic tripodal extractant (1) as sorbent for lead removal from aqueous 
solution. The sorption mechanism is controlled by pseudo-second order model and the 
Langmuir isotherm model were found applicable for this process. Since the loaded lead is easily 
and completely eluted with acid solution regenerating the resin to close to original condition. 
From the experimental data, one can conclude that Amberlite XAD-7 impregnated resin is an 
efficient sorbent for the removal of lead ion. 
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                                                              CHAPTER SIX 
Concluding remarks and future perspective 
The main target of the present research was based on synthesizing macrocyclic scaffold 
(calix[4]arene and pseudocalix[3]arene) for the selective extraction of rare metal ions. The 
presence of ionizable as well as chelating functional groups made ligands better extractant for 
effective and selective extraction. 
A crossed type calix[4]arene with phosphonic and carboxylic acids bifunctionality exhibited 
remarkable extraction ability for group separation of rare earths over other metals. These 
different functionalities worked complimentarily and showed excellent intramolecular 
synergism, as a result extraction ability increased to all rare earths but showed poor mutual 
separation property.  
For the rare metal ion, the hydroxamic acid derivative of p-tert-butyl calix[4]arene showed 
tremendous selectivity towards gallium. Incorporation of chelating hydroxamic acid functional 
group makes the ligand a cation exchanger with gallium selectivity over base metal ion. With the 
adjustment of pH, this ligand is very effective in the mutual separation of gallium and indium 
ions. The other side of research is the synthesis of novel cyclic tripodal ligand from the tris(3,5-
di-tert-butyl-2-hydroxyphenyl)methane platform. This ligand platform is mimics of calix[n]arene 
and for simplicity named as a pseudocalix[3]arene. By introducing the different ionizable group 
made a novel extractant for solvent extraction of trivalent metal ion. Hydroxamic acid group type 
pseudocalix[3]arene exhibited selective recovery of rare metal gallium, from zinc refinery 
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residues which is considered one of the main source of gallium recovery. Tripodal extractants 
can be better alternatives than calix[4]arene analogues due to its rigidity and narrower 
coordination site. 
The carboxylic acid derivative of pseudocalix[3]arene is the promising candidate for the  
selective recovery of toxic lead ion. The excellent selectivity arose due to the size fit 
complementarity effect coupled with cooperativity effects of multifunctional group. For large 
scale treatment, solid phase extraction by using impregnated XAD-7 resin was carried out for the 
complete removal of toxic lead ion in a very low concentration level.  
The present works gave some insight into the molecular design of new receptors for rare as well 
as toxic metals. Taking into account, with the introduction of phosphinic acid type functionality 
in calix[4]arene and pseudocalix[3]arene be the future receptor for the rare earths. Further, 
utilizing the remarkable gallium ion separation efficiency of calixarene hydroxamic acid, several 
reagents with improved selectivity and specific binding properties can be designed and prepared 
for the recovery of rare metals. There are a lot of copes for the synthesizing new ligands by using 
the triphenoxy platform by simply tethering the desired ionizable group. In this perspective, 
chemical engineers and metal separation chemists are required to pay efforts to find ways for the 
complete removal of toxic metals and separative recovery of very low concentration of rare 
metals. 
 
 
